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SECTION  1.  INT'JODUCTION 


The  problem  of  detecting  trace  gase^  in  the  lower  troposphere  by 
electromagnetic  radiations  and  absorptions  measured  above  the 
atmosphere  can  be  treated  in  two  parts.  The  first  is  computation 
and  listing  the  electromagnetic  frequencies  which  characterize 
those  molecules  which  are  gases  at  temperatures  ambient  on  the 
earth's  surface;  namely,  cibout  300^  K.  These  frequencies  in 
increasing  magnitude  are  caused  by  (we  ignore  nuc?  ar  spin  flip) : 

1.  Electron  spin  flip  between  hyperfine  energy  levels  split 
by  the  earth's  magnetic  field  (decametric  and  microwave) 

2.  Rotation  (microwave  and  infrared) 

3.  Vibration  (infrared) 

4.  Electronic  excitations  (visible  and  ultravio"  ■'t)  . 

The  correspor ding  blackbody  temperatures  are  shown  in  Figure  1-1. 

The  second  part,  for  those  frequencies  which  may  possibly  be 
detected  through  the  rlan)<et  of  the  earth's  atmosphere  either 
in  absorption  or  emissica,  comprises  examination  of  methods  of 
their  detection.  Tue  electromagnetic  "v/indows"  in  the  atmosphere 
are  shown  in  Figure  1-2.  Besides  the  rather  narrow  windows  in 
the  visible  and  in  the  near  infrared,  there  is  the  broad  radio 
v;indow  extending  rom  about  2 Me  to  about  2 )cMc  (see  Figure  1-3). 
Transmission  ir  the  far  infrared  and  microwe  *e  regions  is  blociced 
by  absorption  of  water  vapor,  CO2  and  ozone.  The  atmospheric 
transmission  in  the  visibl>  and  infrared  is  shown  in  more 
detail  in  Figure  1-4. 

Remote  sensing  geometry  is  shown  in  Figure  1-5.  Transmission 
spectra  of  the  earth  as  seen  from  satellite  altitude  are  shown 
in  Figures  1-7  through  1-13.  The  noise  spectrum  of  the  slcy  with 
equivalent  temperature^  is  shown  in  Figures  1-14  and  1-16. 
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Figure  1-1.  Terminology,  Frequency  Wave  Length,  and  Equivalent 
Temperatures  of  the  Electromagnetic  Spectrum 
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Figure  1-2.  Illustrating  the  Obstruction  by  the  Atmosphere  to  Electro- 
Magnetic  Waves  and  the  Optical  and  Radio  "Windows"  [Ref.  1-1] 
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Figure  1-3.  One-Way  Attenuation  Through  the  Standard  Summer 
Atmosphere  Due  to  Oxygen  and  Water  Vapor  [Ref.  1-2] 
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-igure  1-4a.  Transparent  Windows  in  the  Infrared  Spectrum  of  the 
Earth's  Atmosphere;  Sensitivity  vs  Infrared  Wavelength  for 

Some  Solid  State  Detectors 
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Figure  l-4b.  Parts  of  the  Observed  Infrared  Absorption  Spectrum 
of  CO2  Linder  Low  Dispersion  [Ref,  1-3] 
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Figure  l-4d.  (a)  Blackbody  Emission  for  6000°K  and  245°K,  Being  Approx- 

imate Emission  Spectra  of  the  Sun  and  Earth,  respectively  (Since  Inward 
and  Outward  Radiation  Must  Balance,  the  Curves  Have  Been  Drawn  with  Equal 
Areas--Though  in  Fact  40%  of  Solar  Radiation  is  Reflected  Unchanged; 

(b)  Atmospheric  Absorption  Spectrum  for  a Solar  Beam  Reaching  the  Ground; 

(c)  The  Same  for  a Beam  Reaching  the  Tropopause  in  Temperate  Latitudes; 

(d)  Attenuation  of  the  Solar  Beam  by  Rayleigh  Scattering  at  the  Ground 
and  at  the  Temperate  Tropopaj«;e  [Ref.  1-5] 
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Figure  1-7.  Transmission  vs  Wavelength  Due  to  Haze  Extinction  [Ref.  1-6] 


HAIMANCK 


for  a Ciear^Ssphere°^  SpictrarRadi^^JrJ  Measurements 

t^e  ^^r.vens  of 

Kaaiance  ( ) Measured  by  Nimbus  III  [Ref.  1-6] 


1-11 


j 


Radiance  («w/cm 


Figure  1-9.  The  Effect  of  Temperature  Distribution  on  Radiance  [Ref.  1-6] 
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Figure  1-10.  The  Effect  of  Surface  Temperature  on  Radiance  [Ref.  1-6] 
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Figure  1-12.  Radiance  for  Three  Nadir  Angles  [Ref.  1-6] 
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'^igure  1-13.  Energy  Available  for  Remote  Sensing  [Ref.  1-7] 
(Where  p is  Atmospheric  Transmission.) 
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Figure  1-14.  Galactic  Noise  Temperature  [Ref.  1-7] 


Figure  1-15.  Sky  Noise  Temperature  Due  to  Oxygen  and 
Water  Vapor  at  Various  Zenith  Angles,  (0)  [Ref.  1-7] 
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Figure  1- 
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16.  Comparison  of  UVDM  Solar  Spectrum  (Solid  Line) 
Perkin-Elmer  Spectrum  (Dashed  Line)  of 
Thekaekara  (1970)  [Ref.  1-8] 


Molecules  v/hich  may  exist  as  trace  gases  at  300°  K near  ti  ’ 
surface  of  the  earth,  and  the  sources  which  might  produce  them, 
are  listed  in  Table  1-1. 
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Table  1-1.  Atmospheric  Trace  Gases:  Candidates  for  Assessment 


SPECIES 

NH3,  NH2NO,  (NH2)2«  (CH3)2N2H 

FREOiNS:  CFCU,  CF  Cl  , C„F  Cl  . ETC. 

0 X y n X y 

PH-,  MUSTARD  GAS,  CONSTITUENTS  OF 
BI^COMPONENT  NERVE  GASES 
INSECTICIDES 

ETHER,  N2O,  (CF3)20,  (C2Fg)20,  Xe 

GASES  ASSOCIATED  WITH  TNT,  RDX,  ETC. 

HF,  CI2.  F2,  Br2,  HCl,  HNO3,  H2S0^ 

BENZENE,  CH.OH,  C.Hj-OH,  ACETONE, 
ANILINE,  SOLVENTS,  LACQUERS,  TUNG  OIL 

THIOMERCAPTANS;  RSH,  RCSOH,  HYDROCAR- 
BONS 

H2S0^,  SO3 

CLEANING  SOLVENTS,  E.G. , CCl^ 

SIFa,  Si2Fg 
ASH3 

ACETYLENE,  ETHYLENE,  N2O 
GASOLINE,  KEROSENE 

TERRENES,  HEPTANES,  RESINS,  LARGE 
AROMATICS,  OILS 

N2O,  CO,  CO2,  CHa>  SO2,  H2S 
HYDROCARBONS,  CH^,  C2Hg,  THIOPHENES 


USE 

NON-CRYOGENIC  PROPELLANTS;  MANUFACTURE 
OF  PROPELLANTS 

REFRIGERANTS  AND  HYDRAULIC  FLUIDS 
CHEMICAL  WARFARE 

ANESTHETICS 
EXPLOSIVES 
CHEMICAL  FACTORIES 
FABRICS  AND  FINISHES 

PETROLEUM  REFINERIES 

SUPERPHOSPHATE  MANUFACTURE 

CHEMICAL  FACTORIES 

UFg  MANUFACTURE 

SILICONE  AND  PLASTICS 

STEEL  MILLS  AND  METAL  FABRICATION 

COMMERCIAL  FABRICATION  OF  PLASTICS,  GASES 

BREATHING  OF  STORAGE  FACILITIES  AT 
REFINERIES  AND  DOD  BASES 

NATURAL  PRODUCTS  FROM  FOREST  AND 
DESERT  PLANTS 

DECAYING  VEGETABLE  MATTER 

NATURAL  OIL  SEEPS 
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SECTION  2.  THE  ELECTROMAGNETIC  SIGNATURES 


MAGNETIC  SPIN  FLIP  IN  THE  EARTH'S  MAGNETIC  FIELD 
1-10  Me;  MAGNETIC  MOMENTS  OF  GASES 


Magnetic  dipole  resonance  radiation  is  a well-known  laboratory 
phenomenon  and  is  to  be  expected  for  atmospheric  gases  which  have 
unpaired  electron  spins.  The  spins  couple  with  the  various  angular 
momentum  vectors  which  characterize  the  molecules,  auid  the 
resultauit  states  of  total  angular  momenta  are  further  split 
energetically  in  the  earth's  magnetic  field.  There  resulted 
energy  transitions  between  these  states  by  emission  and  absorption 
of  radiation,  and  by  both  of  these  mechanisms  occurring  • 
simultaneously,  namely  by  resonance  reflection.  Resonance 
reflections  for  the  more  abundant  free  radicals  seem  already 
to  have  been  observed  with  the  ionosonder  transmitters  and 
receivers  on  the  Alouette  satellites  [2-1] . These  transmitters 
emit  pulses  of  electromagnetic  radiations  at  30-second  intervals, 
sweeping  in  frequency  from  0.2  to  14.5  Me.  After  each  pulse, 
the  onboard  receiver  listens  for  33  msec  and  records  the 
frequency  of  the  detected  signal  and  the  delay  time  of  arrival. 

From  the  frequency  of  the  resonantly  reflected  radiation,  the 
g value  of  the  molecular  species  causing  the  scattering  may 
be  computed,  according  to  the  relation 


hu  = guH 

where  H = the  local  earth's  magnetic  field, 

U = eh/2  Me  is  the  magnetic  moment  of  a free  electron 
of  .Mass  M,  and 
h = Planck's  constant. 


kb. 
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The  numerical  value  of  g that  characterizes  a given  molecular 
species  is  a function  of  the  way  the  electron  spin  is  coupled 
in  the  molecule  and  is  dependent  on  the  strength  of  the 
magnetic  field.  Some  g values  have  been  measured  for  atmospheric 
free  radicals  at  low  magnetic  fields  and  some  have  been  computed. 
By  measuring  the  frequencies  of  the  returning  signals  detected  by 
the  Alouette  receivers,  g values  have  been  evaluated  and  compared 
with  values  of  g either  computed  or  measured  in  the  laboratory. 

In  this  way,  it  is  found  that  OH,  NO,  N and  0 were  the  species 
returning  the  signals,  see  Figure  2-1  and  Table  2-1.  Thus,  the 
species  responding  to  the  signal  causing  the  excitation  may  be 
identified  by  evaluating  their  characteristic  g values.  In  wecik 
magnetic  fields  such  as  that  of  the  earth,  spin  orbit  coupling 
is  strong  and  plays  a major  role  in  producing  g values  well  below 
the  value  2.00  which  characterizes  free  electron  spin  flip  and 
synchrotron  radiation. 

To  further  strengthen  the  case  for  detecting  trace  gases  in  the 
atmosphere  at  large  distances,  it  may  be  pointed  out  that  prob- 
ably the  strong  decametric  radio  signals  emitted  from  th^  atmos- 
phere of  Jupiter  may  be  similarly  caused  by  magnetic  dipole 
emissions  from  the  abundant  free  radicals  expected  to  exist  in 
its  reducing  atmosphere. 

Table  2-1  shows  a list  of  g values,  evaluated  for  the  most 
part  from  theory.  This  list  seems  to  comprise  the  totality  of 
g values  that  have  been  computed  up  to  now  [Ref.  2-2].  Many  more 
g values  should  be  computed  to  define  the  magnetic  dipole  signa- 
tures of  the  gases  which  may  be  candidates  for  remote  assessment 
such  as  those  listed  in  Table  1-1.  Considering  the  fact  that 
electron  spin  resonance  (ESR)  has  been  a laboratory  diagnostic 
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Distribution  of  s values  for  about 
500  signals  taken  from  over  100  iono- 
grams  recorded  in  Antarctica,  Peaks  in  the 
distribution  are  believed  to  be  reflections 
from  free  radicals.  The  labels  indicate 
possible  assignments  of  free  radicals,  (We 
believe  that  the  peak  at  1.50  may  have 
been  somewhat  shifted  as  a result  of 
determinable  errors  in  the  fiducial  iono- 
gram  markers. ) 


Land<  t values  for  ground  and  meta- 
stable  states  of.ntomic  and  molecular  species 
in  Earth’s  atmosphere. 
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Figure  2-1.  Lande'  g Values  for  Atomic  and  Molecular  Species  Observed 
in  Earth's  Ionosphere  Over  Antarctica  Compared  with  Calculated  Values 
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technique  for  at  least  20  years,  it  is  surprising  that  so  few 
weak  field  g values  have  been  computed  or  measured.  The 
reason  seems  to  be  that  ESR  laboratory  measurements  are  usually 
performed  at  high  field  strengths  where  the  electron  spin 
uncoupl.'is  from  the  angular  momentum  vector,  and  the  resulting 
g is  therefore  equal  to  two  within  a few  percent. 

If  we  should  want  to  assess  the  lower  troposphere  by  exciting 
it  with  a decametric  transmitter  and  listening  for  its  reflection, 
we  might  ask  aOaout  the  international  acceptability  of 
interrogation  of  the  atmosphere  by  sounding  from  satellite 
transmitters.  The  fact  that  the  succession  of  Alouette 
satellites  has  been  so  doing  at  =0.2-15  Me  and  at  an  average 
power  of  300  W since  1966  answers  the  question;  namely,  there 
has  been  no  protest  against  such  sounding.  Instead,  the 
question  may  become  what  may  be  the  maximum  frequency  and 
power  at  which  routine  sounding  may  be  acceptable. 

Another  question  concerns  that  of  multispectral  irradiation 
of  a country  by  transmitters  based  in  nearby  countries.  There 
is  much  precedence  for  this  practice  such  as  irradiation  by  The 
Voice  of  America,  by  national  radio  stations,  FM  broadcasts, 

TV  stations,  amateur  radio  transmitters,  citizens  band  class 
transmitters,  marker  beacons,  coast  guard  and  space  satellite 
communications,  microwave  communications,  civilian  and  military 
air  traffic  control  radar,  emergency  aircraft  survival,  ship 
navigation,  etc.  We  may  recall  that  the  earliest  satellites 
were  at  a low  enough  altitude  and  of  such  metallic  cladding 
that  they  were  visible  by  reason  of  reflecting  sunlight  to 
the  surface  of  the  earth  after  sunset,  a form  of  electromagnetic 
irradiation.  Thus,  it  seems  a foregone  conclusion  that  further 
active  irradiation  of  the  earth's  surface  by  electromagnetic 
assay  will  continue  to  be  accepted  without  pro<"est,  unless  the 
frequency  approaches  the  ultraviolet. 
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2.2  ROTATION^  FREQUENCIES,  1-100  cm"^,  MICROWAVE, 
X * 1-0.01  cm 


A molecule  must  be  asymmetric  in  order  for  it  to  be  eible  to 
emit  electromagnetic  radiation  by  tramsition  between  its 
rotational  energy  levels  in  the  ground  vibrational  state.  Thus, 
homopolar  molecules  such  as  02»  N2»  H2/  etc./  are  not  emitters. 
Instead,  they  exchange  energy  at  these  frequencies  by  collision. 
For  asymmetric  molecules,  the  change  in  energy  Ae  by  emission 
and  absorption  between  rotational  levels  in  the  ground  state 
is  given  by  (see  Figure  2-2) : 

Ae  = 2B (J  + 1) cm’^ 

J J + 1 (2-1) 

B = (h/STT^Ic'cm  ^ 

where  I = moment  of  inertia  about  a molecular  axis. 

At  ambient  environmental  air  temperature  s300'^K  of  interest 
to  the  remote  assessment  problem,  essentially  all  molecules 
are  in  the  ground  vibrational  state.  Thus,  to  a first 
approximation,  the  rotational  emission  ib  a series  of  equally 
spaced  frequencies,  as  shown  in  Figure  2-2,  for  linear  molecules. 
For  nonlinear  molecules  there  are  corresponding  moments  of 
inertia  eibout  three  geometric  axes  and  therefore  as  many  as 
three  sets  of  rotational  emission  and  absorption  lines. 

At  300°K,  only  the  lowest  rotational  levels  are  populated,  and 
thus,  only  the  lines  corresponding  to  the  transitions  J J + 1 
where  J = 0,1, 2, 3 play  a significant  role.  The  population  of 
the  level  relative  to  the  ground  state  for  diatomic 

molecules  approximately  by 
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Figure  2-2a.  The  Allowed  Rotational  Energy  Levels  of  a Rigid 

Diatomic  Molecule 
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Figure  2-2b.  Allowed  Transitions  Between  the  Energy  Levels  of  a Rigid 
Diatomic  Molecule  and  the  Spectrum  which  Arises  from  Them 
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-BhcJ(J+l)/kT 


(2-2) 


= (2J  + 11)  e 

as  described  Herzberg's  books  [2-4].  For  example,  for 
B = 10  cm"  at  C,  the  peak  population  occurs  at  J = 3, 

and  for  J > 10,  ti.e  population  has  decreased  by  a factor  of 
>40. 

At  300°  K,  the  energies  E of  these  lines  are  broadened  by  AE 
by  the  Doppler  effect,  namely,  by  kinetic  motion  of  the  emitting 
and  absorbing  molecules,  where  AE/E  = 0.30. 

The  most  energetic  of  these  rotational  frequencies  in  them- 
selves provide  largely  an  academic  signature  of  trace  gases 
in  the  lower  troposphere  because  absorption  by  atmospheric 
water  vapor  inhibits  tlieir  assessment  by  observation  through 
the  atmosphere  (see  Figures  1-2  and  1-3).  Nevertheless,  despite 
attenuations  of  up  to  100  dB  in  traverring  the  atmosphere,  the 
emission  from  rotational  transitions  of  at  least  20  molecules 
as  complex  as  seven  atoms,  emitting  from  interstellar  media, 
have  been  observed  with  ground-based  radio-telescopes.  Further- 
more, submillimeter  rotational  radiation  in  the  earth's  atmos- 
ph  ;e  has  been  measured  from  airplanes  for  atmospheric  polar 
molecules  such  as  H2O,  N2O,  NO,  S02>  0^,  HNO^,  and  NO2  • 

Rotatif^nal  and  vibrational  frequencies  combine  to  produce 
vibration-rotation  or  vibronic  spectra,  some  of  which  lie  in 
the  observable  "window"  in  the  near  infrared,  and  some  of  which 
may  be  observed  by  Reunan  backscatter,  for  our  purpose  of  remote 
assessm.ent  of  gases  in  the  low  troposphere. 

The  rotational  frequencies  for  several  diatomic  molecular 
species  which  exist  as  components  of  room  temperature  gases, 
computed  from  Equation  2-1,  and  their  respective  intensities 
computed  froi;  Equation  2-2,  are  listed  in  Table  2-2. 
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Table  2-2.  Rotational  Absorption  and  Emission  Frequencies  of  Diatomic  Gases  at  300  K 


2.018  24.04  48.07  72.11  96.14 


Table  2-2.  Rotational  Absorption  and  Emission  Frequencies  of  Diatomic  Gases  at  300°K  (Cent.) 
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Rotational  Absorption  and  Emission  Frequencies  of  Diatomic  Gases  at  300°K  (Cont.) 
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2.3  VIBRATIC^AL  FREQUENCIES,  10^  - lo"*  cm~^,  INFRARED,  X = 1-lOOy 

At  =300°K/  nearly  all  molecules  are  in  the  ground  vibrational 
state  so  that  vibrational  trauisitions  occur  only  from  the 
ground  state  (v  = 0) . Transition  to  the  next  vibrational 
state,  V = 1,  is  the  fundamental  absorption,  and  besides  this 
there  are  the  much  weaker  first  and  second  overtones  caused 
by  the  transitions  (v  = 0)  (v  = 2)  and  (v  = 0)  -►  (v  = 3) 

(see  Figures  2-3  and  2-4).  The  corresponding  vibration  frequen- 
cies for  emission  and  absorption  are  given  by 

V = (j  (1  - 2x  } 

0 e e 

V,  = 2oj^(l  - 3x^)  (2-3) 

1 e e 

V-  = 3o)_^(l  - 4x_^} 

Zee 

where  u is  the  zero  point  vibrational  frequency,  and  x is 
the  correction  for  anharmonicity , both  of  which  are  listed  in 
Herzberg's  tables  [2-4]. 

To  a first  approximation,  the  energy  of  a vibrating,  rotating 
molecule  is  the  sum  of  the  separate  vibrational  and  rotational 
energies.  Under  this  simplification,  one  finds  that  the 
vibrational-rotational  transitions  are  given  by 

V = + 2B  lim  (2-4) 

where  Am  = ±1,  ±2. 
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Inlernuclear  distance 


Figure  2-3.  The  Allowed  Vibrational  Energy  Levels  and  Some  Transitions 
Between  Them  for  a Diatomic  Molecule  Undergoing  Anharmonic 

Oscillations 


Figure  2-4.  The  Fundamental  Absorption  (Centered  at_about  2143  cm"  ) 
and  the  First  Overtone  (Centered  at  abQut  4260  cm"w  of  Carbon 
Monoxide;  the  Fine  Structure  of  the  P Branch  in  the  Fundamental 
is  Partially  Resolved  (Gas  Pressure  650  mm  Hg  in  a 10-cm  Cell) 
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Positive  values  of  the  quantxun  number  Am  account  for  frequencies 
in  the  R-band  and  negative  values  for  the  P-band  (see  Figures 
2-5  and  2-6) . Lines  arising  from  AJ  = 0 are  called  the  Q-branch 
(see  Figure  2-7) . The  maximum  intensity  in  the  rotational 
spectrum  (characterized  by  J,  see  Equation  2-1)  occurs  at  a 
vibrational-rotational  frequency  displaced  from  Vq  by  ±Av  where 

Av  = /8kT  B/hc  + 2B.  (2-5) 

The  quantities  Vq , ^2  and  Av  have  been  computed  for  several 

diatomic  gases  and  diatomic  subcomponents  of  molecules  at 
300'^K  and  are  listed  in  Table  2-3,  in  units  of  cm  ^ . 

For  polyatomic  molecules  there  are  many  more  vibrational 
frequencies  characterizing  each  molecule,  and  the  frequencies 
are  less  well  measured  so  that  the  enharmonic  correction  x 

e 

may  not  be  Icnown.  Since  it  is  a small  correction,  lack  of  its 
definition  will  not  be  too  detrimental  to  remote  assessment 
by  measuring  infrared  frequencies.  Measurement  of  two  or  more 
characteristic  frequencies  should  allow  the  active  molecule  or 
a subgroup  of  the  molecule  to  be  determined. 

Characteristic  infrared  frequencies  for  polyatomic  gaseous 
molecules  and  their  subgroups,  as  computed  from  Herzberg's 
tables  [2-4] , are  listed  in  Table  2-4  in  units  of  cm 
Characteristic  frequencies  for  many  kinds  of  subgroups  and 
ligands  in  hydrocarbon  molecules  are  listed  in  Table  2-5. 
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Figure  2-5.  The  Center  of  the  Fundamental  Band  of  Carbon  Monoxide 
Under  Higher  Resolution  than  in  Figure  2-4.  (Gas  Pressure 
100  mm  Hg  in  a 10-cm  Cell.)  The  Lines  are  Labeled  Accord- 
ing to  Their  J Values.  The  P Branch  is  Complicated  by  the 
Presence  of  a "Hot  Band"  Centered  at  about  2100  cm"^;  Some 
of  the  Rotational  Lines  from  this  Band  Appear  between  P 
Branch  Lines,  Others  are  Overlapped  by  a P Branch  Line 
and  Give  it  an  Enhanced  Intensity  (e.g.,  lines  Pmcn. 

“"(i;)’  ^(23)’  ^(24)^ 
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Figure  2-6.  The  Fundamental  Band  of  Figure  2-5  under  Very  Low 
Resolution;  All  Rotational  Fine  Structure  Has  Been 
Lost,  and  a Typical  PR  Contour  is  Seen 
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Rotational  Energy  Levels 
Efjj?'’  States  Showing  thi 

Effect  on  the  Spectrum  of  Transitions 
ror  Which  AJ  = 0. 
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Figure  2-7b.  Spectrum  of  the  Bending  Mode  of  the  HCN  Molecule 
Showing  the  PQR  Structure.  The  Broad  Absorption  Centered 
at  800  cm"'  is  Due  to  an  Impurity 
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Figure  2-7d.  The  Spectrum  of  a Bending  Mode  of  Acetylene,  HC  = CH, 
Showing  the  Strong,  Weak,  Strong,  Weak,  ...  Intensity 
Alternation  in  the  Rotational  Fine  Structure  Due 
to  the  Nuclear  Spin  of  the  Hydrogen  Atoms 
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Figure  2-7e.  The  Parallel  Stretching  Vibration,  Centered  at 
1251  cm"',  of  tfie  Symmetric  Top  Molecule  Methyl  Iodide, 
CH^I,  Showing  the  Typical  PQR  Contour 
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Vibrational  Frequencies  for  Diatomic  Molecules 
and  Bandwidth  Av  in  Units  of  cm"^ 


Table  2-3.  Vibrational  Frequencies  fo*-  Diatomic  Molecules 
and  Bandwidth  Au  in  Units  of  cm"'  (Cont.) 


“e 

Xe 

'"o 

''i 

2»5(l-3xe> 

”2 

B 

Av 

HF 

4138.5 

3958.1 

7735.7 

11332.9 

20.939 

226 

HCl 

2990.6 

2886 

5668 

8347 

10.5909 

152 

HBr 

2649.7 

0.0171 

2559.1 

5027.5 

7405.4 

8.473 

134 

HI 

2309.5 

0.0172 

2230.4 

4381.8 

6451.8 

6.551 

116 

H2 

4395.2 

0.0268 

60.809 

435 

HS 

9.47 

143 

CO 

2169.7 

0.0061 

2143.2 

4260.0 

6350.3 

1.9212 

60 

NO 

1904.0 

0.0073 

1876.2 

1.7046 

56 

ICl 

384.2 

0.0038 

381.3 

759.6 

1135.1 

0.1142 

14 

N2 

2360 

1051.3 

0.0089 

1032.6 

2046.5 

3041.6 

1.212 

47 

BF 

1265.6 

0.0072 

1247.4 

2476.5 

3687.5 

1.518 

53 

BCl 

839.1 

0.0061 

828.9 

1647.5 

2455.9 

0.6838 

35 

BBr 

684.3 

0.0051 

677.3 

1347.7 

2011.0 

0.490 

29 

BH 

2366 

0.0207 

2268 

4438.1 

6510.3 

12.018 

163 

®^2 

233.2 

0.0030 

231.8 

437.4 

641.7 

0.0809 

12 

BrCl 

430 

0.0067 

424 

843 

1255 

BrF 

671 

0.0045 

665 

1315 

1959 

0.3572 

25 

BrO 

713 

0.0010 

711 

1422 

2130 

CH 

2861.6 

0.0225 

2732 

5337 

7812 

14.457 

182 

CO 

2170.2 

0.0062 

2143 

4260 

6349 

1.9212 

60 

CN 

2068.7 

0 064 

2042 

4058 

6047 

1.8996 

59 
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Table  2-4.  Infrared  Vibrational  Frequencies 
for  Polyatomic  Molecules 


Table  2-4.  Infrared  Vibrational  Frequencies 
for  Polyatomic  Molecules  (Cont.) 


PAGE  2 OF  4 


2-26 


Table  2-4.  Infrared  Vibrational  Frequencies 
for  Polyatomic  Molecules  (Cont.) 
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Table  2-4.  Infrared  Vibrational  Frequencies 
for  Polyatomic  Molecules  (Cont.) 


(cm 

^2 

(cm’l) 

(cm  M 

(cm  M 

C3N3H3 

3042 

1132 

991 

837 

^*'2^3^2 

3101 

3014 

3014 

1643 

1442 

1279 

(CHjjjO 

2959 

2930 

1473 

1461 

1342 

1134 

(CH^CO 

2922 

2871 

1710 

1356 

1066 

787 

C4H4NH 

3133 

3100 

1467 

1384 

1237 

C4H4N2 

3054 

1570 

1230 

1015 

596 

950 

3083 

3048 

3001 

1570 

1463 

1146 

C4H4N2 

3063 

3043 

1572 

1414 

1283 

1160 

^5H6 

3088 

2973 

2880 

1496 

1368 

1105 

3054 

3054 

3036 

1583 

1482 

1218 

C5H4O2 

3140 

1689 

1666 

1564 

1466 

Vi 

3073 

995 

1350 

674 

3057 

1010 

CH.j.C=C-C=CH^ 

2914 

2264 

1381 

1223 

554 

(CH3C0)2 

3023 

2940 

1725 

1444 

1275 

690 

UfM 

(3310 

3310 

"v40 

nCn 

) 710 

-AO 

HCiCH 

730 

730 

^30 

CH  I 

)1251 

1251 

'^.15 

1 840 
1 



■'^60 
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iMANY  OTHERS  MEASURED  AND  PARTIALLY  EVALUATED  [REF.  2-4]. 
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Table  2-5 


Vibrational  Frequencies  of  Various  Groups 


Group 

Approximate  Frequency 

Croup 

Approximate  Frequency 

Icm"') 

) 

(cm  * 1 

-OH 

3600 

n 

II 

o 

1750-1600 

-NHj 

3400 

U 

II 

u 

1650 

-CH 

3300 

>C=N\ 

1600 

kJ 

7'“  '“  \ 

3060 

! >C-N< 

1200-1000 

-C-0\ 

X 

u 

II 

3030 

J 

>C=S 

1100 

-CH, 

29^0  lasym,  stretch) 
28'0  (sym,  stretch) 
1460  (asyr,’.  deform, I 

>C-F 

1050 

13"?5  (sym.  deform.) 

7C-C1 

■'25 

-CHj- 

2930  lasym.  stretch) 
2S60  isym  stretch) 

rC-Br 

650 

I4'0  (deformation) 

^C-I 

550 

-SH 

2380 

-C-M 

2250 

-c-c- 

2220 

Horn!- 

IhmJ- 

Dond- 

Oro'ip 

strcti  hunt 

Graiip 

itroti-lmie 

G roup 

vjhriiUoti 

vn>ruti'.n 

onnr.iuufi 

sr-M 

UIXI 

-CSC- 

4050 

sC-H 
..  .11 

rw 

' X 

\ / 

=C-H 

' 

KioO 

~C 

1100 

/ 

/ 

H 

11 

J'Mti) 

V. 

OOO 

— '2  -11 

10' 30 

/ 

/ 

11 

\ 

. H 

— 0-H 

3(5SI)'"’ 

— C— F 

ll')0 

A' 

14.50 

1 

/ 

/ H i 

' 

H 

— S-H 

4."0 

(350 

C-H 

14i0 

/ i 

II 

\ 

■ -s— n 

.'i.'ijO 

/ 

oCi'J 

C-=-CrhC 

300 

\ 

r=C) 

1700 

-'•—I 

jOO 

/ 

/ 

/ 

1 

2100 

crn"‘ 

cn»“' 

rni“‘ 
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2 . 4 RAMAN 


INFRARED 


Rayleigh  scattering  is  well  known  to  be  elastic  scattering  of 
an  electromagnetic  quantum  by  a vibrating  electron.  It  can 
occur  only  if  there  is  an  asymmetrically  arranged  electron  able 
to  vibrate,  that  is  only  if  the  molecule  containing  the  electron 
has  an  electric  dipole  moment.  In  contrast,  Raman  scattering 
is  inelastic  scattering  of  the  photon  and  occurs  because  the 
electromagnetic  field  of  the  photon  induces  an  electric  dipole 
moment  in  addition  to  any  dipole  moment  which  may  exist  in  the 
unperturbed  molecule.  Then  if  the  frequency  of  the  photon  is 


^ph 


and  the  frequency  of  vibration  (or  rotation)  of  the 


unperturbed  molecules  is  v,  the  new  frequency  is  t v,  and 

photons  are  scattered  with  frequency  changed  from  to  the 
Raman  frequency  ; v.  Thus,  symmetric  molecules  such  as 

N2,  ©2,  ^nd  H2  which  normally  cannot  emit  or  absorb  infrared 
radiatior.  because  of  their  lack  of  an  intrinsic  dipole  moment, 
can  scatter  photons  Raman  shifted  by  ? frequency  which  charac- 
terizes the  molecule  provided  that  the  molecular  rotation  or 
vibration  causes  a periodic  change  in  the  induced  dipole  moment. 


For  rotational  Raman  spectra,  the  Raman-shifted  wave  numbers  are 
given  by 


V = (■;  , t B(4J  + 6)  1 (2-6) 

pn 

corresponding  to  the  selection  rule  IJ  = 2,  and  of  these,  the  most 
important  are  given  by  the  minus  sign  because  the  lower  rotational 
levels  are  the  more  populated  at  low  temperatures  (see  Figure 
2-8)  . 


The  fundamental  frequency  of  the  Raman-shifted  vibrational 
spectrum  is  given  by 
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Figure  2-8.  The  Rotational  Energy  Levels  of  a Diatomic 
Molecule  and  the  Rotational  Raman  Spectrum  Arising 
from  Transitions  between  Them.  Spectral  Lines  are 
Numbered  According  to  Their  Lower  J Values 
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(2-7) 


(v  = 0)  (v  = 1);  Vq  = u)g(l  - 2Xg) 
corresponding  to  Av  = ±1. 


Since  Raman -scattered  light  is  of  low  intensity,  the  overtones 
^2,  etc.  r may  be  neglected. 


An  example  of  a Ramain- shifted  irradiation  frequency  observed 
both  for  rotational  and  for  rotational-vibrational  modification 
is  shown  in  Figure  2-9. 


Ramem-shifted  light  usually  is  polarized.  This  is  because  the 
induced  electric  dipole  must  be  in  a plane  normal  to  the  direction 
of  the  incident  light  no  matter  whether  or  not  the  incident  light 
is  polarized.  Observation  of  the  polarization  characteristics 
of  Raman-scattered  light  may  help  to  characterize  the  molecule 
causing  the  scattering.  Examples  of  polarizations  observed  in 
Raman  spectra  are  shown  in  Table  2-6  and  of  the  modes  of  vibration 
causing  polarizations  in  Table  2-7.  As  an  example,  spectrograms 
of  visible  Kg  lines  Raman-shifted  by  CCl^  and  CHCl23r  are  shown 
in  Figure  2-10.  Vibrational  frequencies  which  have  been  observed 
in  the  Raman  mode  are  shown  in  Table  2-8. 

2.5  ELECTRONIC  TRANSITIONS,  >10^^  cm~^,  NEAR  ULTRAVIOLET  AND 
^SIBLE  X < 10,00Cr~A 


Few  gases  absorb  visible  light,  which  is  of  course  why  there  is 
a visible  and  near  infrared  "window"  in  the  earth's  atmosphere. 
Instead,  electronic  transitions  in  gases  lie  for  the  most  part 
at  wavelengths  shorter  than  3000  A.  Electronic  wavelengths 
characterizing  subgroups  in  hydrocarbons  and  some  of  their  ligands 
are  shown  in  Table  2-9. 
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•ouiion-'ibraiion  Purs  roiaiion 


Figure  2-9.  The  Pure  Rotation  and  the  Rotation- 
Vibration  Spectrum  of  a Diatomic  Molecule  Haying 
a Fundamental  Vibration  Frequency  of  v cm'  . 
Stokes'  Lines  Only  are  Shown® 
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fable  2-6a.  Infrared  and  Raman  Bands  of  Sulphur  Dioxide 


i 589  STRONG:  PQK  CONTOUR  I | 

’ i 

; 1285  : VERY  STRONG:  PR  CONTOUR  ' VERY  STRONG: POLARIZED | 

I 

1 2224  : VERY  STRONG:  PR  CONTOUR  : STRONG:  DEPQLARIZ 
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Table  2-7.  Activities  of  Vibrations 

.AB^  Molecules 


of  Planar  and  Pyramidal 


'Symmetric 

.■Icfinfv 

yibratton 

, Pyramidal 

.-(ctintv 

Plur.-ir 

{R  « Rjman, 

1 

IR  = Raman, 

/ - Infra- Red) 

1 

/ « Infra-Red) 

k. 

4 

B 

' A 

R . aciive  (pol.t 

V. 

R : active  (pol.) 

A 

Strong 

svmmctric 

/ **  B **v 

Strong 

B B 

/ 

i '<  ' 

/ . inactive 

stretch 

/.  active  1 

B'^ 

t 

R inactive 
/ aciive 

V« 

out-of*plane 

A 

A / 

B - B 

R : v*ciive  /poU 
strong 

■®3  B^ 

symmetric 

vlcformaiion 

B 

/ active 

( 9 * upwardi 
•0  avJO’An- 

w,i  rdsi 

B 

f 

7.  active  idepoU 

A 

R active  idepol ) 

A 

weak 

dsvmme*ric 

. \ 

/ 

weak 

/ : active  x 

stretch 

B B B 

/ : active  X 

B B 

■f 

Ik  4 

A 


jctive  idepol  I 
wejk  isvitmielric 

dsforirjtii'n 


A 

"x  X'  X 


R jcmeidepol.i 

Vbcjk 

I attue  ^ 


B 


B 


I 


o 

•7i 


Hi?o 

4358. 3A  — < 


|Aj/| 

(cm-‘) 

602 


i 330 
!(220 
|215 


Hgo 

4046.JA 


4077. 7 A - 


(cm~‘) 

. exciting  line 


4108  OA 


.X 

c 

(75 


— 4-j  218 
314 

458 


exciting  line 


,1 (215 
11220 
330 

602 

719 
760 


1170 

i:i4 


I 

I j 


Hg,  , 

4916.0A  — f?  I 


3021 


H 762 
791 


4339.2A ; 

4358.3A 


458 

314 

218 


5J 

.X 


(/^ 


• exciting  line 


,-218 
|314 

458 


762 

'791 


!/) 


*^igure  2-10.  Raman  Spectra  of  CCI4  antj  CHCI2BR  Showing  Anti-Stokes  Lines 
after  docker.  Raman  Lines  are  Indicated  at  the  Top  of  Each  Spec- 
trogram; Hg  Lines  at  the  Bottom.  The  Exciting  Line  Has  Been 
Reducetj  in  Intensity  'jy  a Screen.  In  (a)  the  Stokes  Raman 
Lines  of  CCI4  Occ;jr  Both  Through  E.tcitatiog  by  the  Line 
4358.3  A and  by  the  Line  4046.5  A 
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Table  2-8.  A Summary  of  Characteristic  Raman  Frequencies  [2-5] 


Mcquency 


(un  ■' ) 

Vibration 

Compound 

3,400-3.300 

Uoiidcd  jii(i<>ymni«tric  NH,  stretch 

Prim.iry  amines 

3.3S0-3.340 

Bonded  OH  stretch 

Aliphatic  aicoiiuls 

3,374 

CM  stretch 

Acetylene  (gas) 

3,355-3.333 

Bonded  antisymmetric  I9H,  stretch 

Primary  amides 

3J50-3,300 

Bonded  NH  stretch 

Secondary  amines 

3.335-3.3IX) 

aCH  Stretch 

Alkyl  aceiyleties 

3.300-3,250 

Bonded  symmetric  J9H,  stretch 

Primary  amines 

3.310-3.290 

Bonded  .N'H  stretch 

Secondary  amides 

3.190-3,143 

Bonded  symmetric  .NH,  stretch 

Primary  amides 

3,175  -3,154 

Bonded  NH  stretch 

Pyrazoles 

3,103 

Antisymmetric  =CH,  stretch 

Ethylene  least 

3,100-3.020 

CH,  Stretches 

Cyclopropane 

3,100-3,000 

.Aromatic  CH  stretch 

Benzene  derivatives 

3,095-3.070 

Antisymmetric  =CH,  stretch 

C=CH,  Derivatives 

3,062 

CH  Stretch 

Benzene 

3.037 

Aromatic  CH  stretch 

Alkyl  benzenes 

3,040-3.000 

CH  Stretch 

C=CHR  Derivatives 

3.026 

Symmciric  -CH,  stretch 

Ethylene  igasi 

2.990-2.9SO 

Ssmnictric  =CH,  stretch 

C=CH,  Derivatives 

2,986-2.974 

Symmetric  SH,*  stretch 

Alkyl  ammonium  chlorides 
>aq  soln) 

2,969-2.965 

Antisymmetric  CH,  stieich 

n-.AIkancs 

2.929-2,912 

Antisyminettic  CH,  stretch 

<i-Alkanes 

2,384-2.883 

Symmetric  CH.  stretch 

||•.Alkanes 

2,361-2,849 

Symmetric  CH.  s'refch 

'i-Alkanes 

2.830-2.700 

CHO  Group  i2  bandsi 

Aliphatic  aldehydes 

2,390-2,360 

jH  Stretch 

Thiols 

2.316-2.233 

C~C  St,-cich  i2  t'andsi 

RCsCCH, 

2.301 -2.2  ■! 

CiC  Stretch  i2  bandsi 

RC^CR’ 

2.300-2.250 

Pscadcsantisymmerric  S=C=0  stretch 

isocyanates 

2J164-2,251 

Symmetric  OC-C&C  stretch 

Alkyl  diacetylenes 

2.259 

CaN  Stretch 

Cyanamide 

2.25  1 -2.232 

C®N  Stretch 

.Aliphatic  nitriles 

2.220-2,100 

Pseudoantisyinmetric  N=C-=S  stretch 
>2  bands) 

.Alkyl  isulhiocyanates 

2,220-2.000 

C=.N  Stretch 

Dialkyl  cyanamides 

2,172 

Symmetric  OC-C^C  stretch 

Diacetylene 

2,161-2,134 

,N=C  Streich 

.Aliphaiic  isonii riles 

2,160-2.1 00 

C“C  Stretch 

.Alky  1 acetylenes 

2,136-2.140 

Cs.N  Stretch 

Alky  l thiocyanates 

2.104 

Antisymmetric  .N=S=N  stretch 

CH,N, 

2,094 

C3.N  Stretch 

HCN 

2.049 

Pscudoaniisymmetric  C-=C=0  'treich 

Ketcne 

1.974 

CSC  Stretch 

,A,etylere  (jjas) 

1,964-1,95.8 

Amiss  mme'ric  C-C-C  stretch 

Allencs 

1,870-1,340 

Symmcrric  C = 0 streich 

Saturated  S inciiibcred 
ring  cyclic  anhy  Jridcs 
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Table  2-8.  A Summary  of  Characteristic  Raman  Frequencies  (Cont.) 


Frequency 

(CHI'*  ) 

Vibtatk>n 

Compound 

1.820 

Symmetric  C=0  stretch 

Acetic  anhydride 

1,810-1.788 

C=0  Stretch 

Acid  halides 

1.807 

C=0  Stretch 

Phosgene 

1.805-1.799 

Symmetric  C=0  stretch 

Noncyclic  anhydrides 

1.800 

C=C  Stretch 

F,C=CF,  (gis) 

1.795 

C=0  Stretch 

Ethylene  carbonate 

1.792 

C=C  Stretch 

F,C=CFCH, 

1.782 

C=0  Stretch 

Cyclobutanune 

1,770-1,730 

C=0  Stretch 

Halogenated  aldehydes 

1.744 

C=0  Stretch 

Cyclopentanone 

1.743-1.729 

C=0  Stretch 

Cationic  a-amino  acids 

(aq.  soln) 

1.741  -1-.7  34 

C=0  Stretch 

O-Alkyl  acetates 

1.740-1.720 

C=0  Stretch 

Aliphatic  aldehydes 

1,739-1,714 

C=C  Stretch 

C=CF,  Derivatives 

1,736 

C=C  Stretch 

.Methylene  cyclopropane 

1,734-1.727 

C=0  Stretch 

O-Alkyl  propionates 

1.725-1.700 

C=0  Stretch 

Aliphatic  ketones 

1.7:0-1.715 

C=0  Stretch 

O-Alkyl  lormates 

1.712-'.604 

C=C  Stretch 

RCF=CFR 

1.695 

Sonconiugated  C=0  stretch 

Uracil  derivatives 

laq. soln) 

1.689-1.644 

C=C  Stretch 

.Monofluoroalkenes 

1.687-1.651 

C=C  Stretch 

Alkylidene  cyclopentanes 

1.686-1.6.36 

.Amide  1 band 

Primary  amides  (solids) 

1.680 -1.665 

C=C  Stretch 

Telralkyl  ethyle.ne,s 

1.679 

C=C  Stretch 

* Methylene  cyclobuiane 

1.678-1.664 

r-c  Stretch 

Trialkyl  eihylenes 

1.676-1.665 

C=C  Stretch 

.•'anj-Dialkyl  eihylenes 

1.675 

Symmetric  C=0  stretch  icyclic  dimer) 

.Acetic  acid 

1.673-1.666 

C=N  Stretch 

Aldimines 

1.67: 

Symmetric  C=0  stretch  icyclic  dimer) 

Formic  acid  (aq.  solr.) 

1,670-1.655 

Coniugated  C=0  stretch 

Uracil,  cyiosine.  and 

guanine  derivatives  (aq.  soln) 

1.670-1.630 

Amide  1 band 

Ternary  amides 

1 .666  - 1 .6  52 

C=.N  Stretch 

Keio.vimes 

1,66. ‘'-1,6  50 

C=N  Stretch 

Scmicarbazones  (solid) 

1.663-1.636 

Symmetric  C=.N  stretch 

Aldazines.  ketazines 

1.660-1.654 

C=C  Stretch 

cis-Dialkyl  eihylenes 

1,660-1.650 

Amide  1 band 

Secondary  amides 

1 .o60 . 1 ,64') 

(~=S  Stretch 

Aldoximes 

1.660-1.610 

C=N  Stretch 

Hydrazones  (solid) 

1,658-1.644 

C=C  Stretch 

R,C=CH, 

1.656 

C=C  Stretch 

Cyclohexene,  cyclohepiene 

! .», 54 -1.647 

Symmetric  C-0  stretch  (cyclic  dimer) 

Carboxylic  acids 

1,652-1.642 

C = N Sire'ch 

Tliiosemicarbazones  (solid) 
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Table  2-8.  P Summary  of  Characteristic  Raman  Frequencies  (Cent.) 


Frequency 

{cm'*)  Vibration  Compound 


1,650 -1,510 

NH)  Scissofi 

Primary  amines  iweak) 

1,649-1,625 

C=C  Sifcich 

.Allyl  derivatives 

1,648-1,640 

N=0  Stretch 

Alkyl  nitrites 

1,648-1.638 

C=C  Stretch 

H,C=CHR 

1.647 

C=C  Stretch 

Cyclopropene 

1.6  .'8 

C=0  Stretch 

Ethylene  ditliiocarbonate 

1,637 

Symmetric  C=C  <lretch 

Isoprene 

1,634-1,622 

Anmymmeine  NO.  stretch 

Alkyl  nitrates 

1,630-1.550 

Rine  ^treiche^  idoublet) 

Uenzene  derivatives 

1.623 

C =C  Stretch 

Ethylene  l|as) 

1,620-1.540 

Three  or  more  coupled  C=C  itreiches 

Polyenes 

1,616-1.571 

C=C  Stretch 

CH.irojIkents 

1 ,614 

C=C  Stretch 

Cydopentene 

1.596-1,547 

C=C  Stretch 

Btiimojikenes 

1,581  -1,465 

C =C  Stretch 

lodiulkencs 

1.575 

Symmetric  C=C  stretch 

1 ,3-Cycliihe.sjdicne 

1,573 

,N  = N Stretch 

.Azomctliane  tin  solnl 

1.566 

C=C  Stretch 

Cyclobutene 

0 

1 

0 

Anlisy.mmetric  NO.  stretch 

P'lmary  niitoalkanes 

1.555-1,550 

AntisymmeltiC  NO,  itretch 

Secondary  nitroalkanes 

1,548 

N=N  Stretch 

1 Pyriizoiine 

1.545-  1.535 

.Antisymmetric  .NO,  stretch 

Tertiary  nitroalkanes 

1,515-1.490 

Ring  stretch 

2-Furfuryl  group 

1.5"0 

Symmetric  C=C  tiretch 

Cyclopentadiciie 

1,480-1,4  70 

OCHj.OCH,  Deformjtions 

Aliphatic  ethers 

1.480-1.460 

Ring  sitetch 

2 I 'jrfurylidene  or 
2-l‘uroyl  group 

1.4*3 -1  446 

CU,.('H.  Deformations 

ri- Alkanes 

1 466-1.465 

CH,  Detormatiun 

'i-Alkanes 

1.4  50- 1.41)0 

Pseud  'jntisvmmeTic  Nr^C-O  stretch 

Iv'Cyanales 

1.443  -1  3'48 

Rinc  s're'-h 

2 Subsiituted  thiophenes 

1.44  2 

N = N Stretch 

Azobenzene 

1.440-1.340 

Symmetric  rO;  stretch 

Cjrbosyljie  ions 
■ tq  soini 

1.415-1.400 

Symmetric  ro,  s're'ch 

Dipolar  and  anionic  .i- 
ammo  acids  iju.  solnl 

1.415-1. J85 

Rine  lire'. It 

Anilira.eiics 

1,395-  1.380 

S> mineiric  NO,  -.'retch 

Pnm.irv  nitroalkanes 

1.390-1. 3-n 

Rinc  stretvh 

Naphthalenes 

1, 385  - 1. 36-< 

f.'H,  Symmetric  Je'or.mjtion 

'i-.Alk.i  nes 

1.375  - 1,360 

Symmetric  NO,  sireich 

Secondary  nitroalkanes 

1,355  - 1.345 

Synni.'irtc  NO.  -.'relch 

Terti.iry  nitroalkanes 

1,350-1.330 

f H Ueformition 

I'oprnpy  1 group 

1,320 

Rinc  vihration 

1 . 1 Oi.ilks  1 cyclopropaiies 

1.314-i.;yii 

In-f'l.ine  '"H  Jei.srmili'-n 

.•/■aos  Di.ilkyt  dliylenes 

1,310-1.250 

Amide  III  I'jnd 

Secondary  amides 

1,310-1.175 

CH,  T.usi  jnd  rock 

fh.Alkanes 
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Table  2-8.  A Summary  of  Characteristic  Raman  Frequencies  (Cont.) 


Frequtncy 

(cm'*)  Vibration  Compound 


I.3i»S-|,295 
l.JOO-l.iSn 
1. 282 -I, ’75 
1,280-1,240 


CH,  ln-plia>e  twist 
C'C  Mrid|ic  bond  stretch 
Syinniciric  NO,  stretch 
Ring  stretch 


/(•Alkanes 
Diphenyls 
Alkyl  nitrates 
Epoxy  derivatives 


1,276 

Syinniciric  N=N=N  stretch 

I,2''0-I,2S1 

In-plane  CH  deformation 

1,266 

King  "breathing” 

1,230-1,200 

Ring  vibration 

1,220-1,200 

Ring  vibration 

1,212 

Ring  "breathing” 

1 ,205 

C.H.  C Vibration 

1,196-1,188 

Syninieiric  SO,  stretch 

1,188 

Ring  ■•breathing" 

1,172-1,165 

Symmetric  SO,  stretch 

CH.N, 

c'lj-Dialkyl  etliylenes 
Ethylene  oxide  (oxtrane) 
/wra-Disubstituted 
benzenes 

Mono- and  1,2-dialkyl 
cvciopropanes 
Ethylene  inline 
lazindine) 

Alkyl  benzenes 
Alkyl  sulfates 
Cyclopropane 
Alkyl  sulfonates 


I.:50-950 

1,145-1.125 

1,144 

1,140 

1,130-1,100 


CC  .SircTches 
Ssmmetric  SO,  stretch 
Rina  ■hreaihina’' 

Ring  ■■breathing" 

Symmetric  C=C=C  stretch  (2  bands) 


/I- Alkanes 
Uialkyl  sulfones 
Pyrrole 
I'uran 
Allenes 


1.130 

I.II2 

I.MI 

1 .070  - 1 .040 
1 ,0b  5 


pseudosymmetric  C=C=0  stretch 
Ring  "hreathing" 

,N,S  Stretch 

S-0  Stretch  1 1 or  2 hands) 

C=S  Stretch 


Kctene 

Ethylene  sull'ide 
Hydrazine 
Aliphatic  sulfoxides 
Ethylene  trithiocarbonate 


1,060-1,020 


Rrbe  vibration 


l,04i,i-0go 
;,03O-l  IJI5 
1,030-l.iJlo 
1.030 


Ring  vihrjtmn 
In-pl.ine  CH  Jcfnrmalinn 
Trigun.il  ring  "hrealhinc'’ 
Triaon.il  ring  ‘■brenihing" 


orr/(o-Disubstiiuied 

benzenes 

Pyrazoles 

Monosubsiituted  benzenes 
3-Substiiuied  pyridines 
Pyridine  . 


1.029 

Rina  'hrcaihina" 

1.026 

Rina  "brc-aihiiia  " 

1,0  II) -990 

Trigonal  ring  ■■breathing^ 

I.OOl 

Ring  ■■breathing'^ 

1.000-985 

Trigonjl  ring  'breathing^' 

Trinietlivlene  oxide 
loxetane) 

Trimethylene  tmtne 
lazetidine) 

Mono-,  tneta-,  and  1 ,3,5- 
substittited  benzenes 
Cyclobutane 
2-  .ind  4-Substituied 
pyridines 


992 

992 

939 

933 

930-830 


Rina  "hrcaihina'' 

Rina  '‘breiilhina” 

Rina  ''breaihiiia" 

King  vibration 
Syniineinc  COC  stretch 


llcnzene 
Pyridine 
1 .3-Dio\olane 
Alkyl  cyclobuianes 
Aliphai  c ethers 


914 


Ring  "hrcaihina" 


leirahvdrufuran 
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Table  2-8.  A Summary  of  Characteristic  Raman  Frequencies  (Cont.) 


Frequency 


(cm  * ) 

Vibraiion 

Compound 

S>minemc  CON  '•ireich 

Hydruyy  lainine 

W5-S37 

CC  Skeletal  Mteith 

o-Alkjnes 

9on-S90 

Rini!  vibrjlmn 

•Alkyl  cycloi’enl.ines 

900-850 

SynimelMC  CNC  >tretch 

SeicinJary  amines 

899 

Rinil  ■htealhinj" 

Pvtrolidine 

886 

Rinc  ' brejlhinij" 

Cyclupeniane 

877 

OO  Stretch 

llvdriigen  perc'.Mde 

851  -840 

Symmetric  CON  >ttetch 

69-Alkyl  hydtoxylamines 

336 

Ring  ‘'bteailiing" 

Piperazine 

835  -N9 

C,  Skeletal  ctrcfcli 

Isiiprupyl  group 

834 

Ring  "bfeailuni;" 

1 ,41)u>.y.ine 

Ring  "brcailiine" 

Thiophene 

83: 

Riiie  "Otealhine" 

.Morplioline 

830- 7:d 

Ring  vibration 

/»r;rc-DisubMlliilcd 

benzenes 

825  -330 

( ,0  Syn. metric  skeletal  sireicli 

Seconaary  licohols 

818 

Rini;  ■'tucalhine" 

reltjhydmpytaii 

8IS 

Ring  'Ineaihing" 

Pil’cndine 

80 ; 

Rine  "’'re.ilhine'' 

Cyclohevane  uiiair  lorm) 

785-700 

Ring  '-ibraimn 

Alkyl  cyclohe\anes 

•60 -'30 

C.U  Svtnmetric  'kele'al  .tretch 

Ternary  alcotioK 

750-650 

C,  Symmetric  .kclctai  stretch 

.•-•rr  Butyl  group 

•40-585 

CS  S'reicii  ' 1 >>r  more  bands) 

Alkyl  sulfides 

735-690 

C=S  Stretch'* 

Thiojmides.  thioureas 
'solidi 

733 

Ring  ''’reaihing* 

Cycinhepianc 

730-730 

CO  Sirei.h.  .cnijtmatiun 

Primary  ciiloroalkanes  , 

715-630 

CS  Sirc'ch  i|  or  more  bands  i 

Uialkyl  disulfides 

•09 

t'O  Stretch 

CH.ri 

•03 

Ring  "breathing" 

Cy  v'lo.icune 

703 

Syrnrnel'ic  CO.  sireich 

CH.CT; 

690-650 

P end'  symmetrK  ,N  = C^S  nret-n 

Alkyl  isiiihiiK> ,in lies 

68S 

Ring  "brea'liine  " 

TetMhydroihiopiiene 

668 

Symmeinc  <"0,  -'ryieh 

CHCl 

660-650 

Cn  Sireicn.  P(.(  eonloimjlion 

Primary  ciiloroalkanes 

659 

Symmetric  CSC  .ireich 

Penlaniethyiene  sultlde 

655-640 

f'Hr  Slretch  P^  ciim’ormaii'in 

Primary  brunioalk.ine' 

630-61  5 

Ring  det'ormaiion 

Mon.'subsimi’eJ  henaenes 

615-605 

cn  Slretch.  S^^j  vniiiorm.ilion 

Secondary  chlotojlkanes 

610-590 

Cl  Slretch,  P,.  cont'icnijiiun 

Prinury  lodoalkanes 

609 

Cllt  Sireith 

CH,Br 

577 

5y  minelric  CHr.  stretch 

CH.Iir, 

5'0-56O 

f Cl  Stretch.  l conl"rmjiion 

lerli.iry  hturo.ilkane' 

565-560 

CHr  Stretch.  P(j  cunt'ornulnni 

Primary  bromo,ilkjiie> 

540-535 

CHr  Slieich.  Sj((.j  onlormjtiim 

Secondary  bromoilkjiies 

539 

Svmmelric  CBr,  .Irc'ch 

Clllir, 

525-5  10 

SS  SirelJi 

Dialkyl  disulfides 
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Table  2-8.  A Summary  of  Characteristic  Raman  Frequencies  (Cont.) 


Frequency 
lcm  *‘ ) 

Vibration 

Compound 

523 

Cl  Stretch 

CH,I 

Tertiary  bromoalkanes 

520-510 

CBr  Stretch,  conforntatton 

510-500 

Cl  Stretch,  coni'ormatton 

Primary  iodoalkanes 

510-480 

SS  Stretch 

Dialkyl  trisulfides 

495-485 

Cl  Stretch,  S^^  cont'urmaiion 

Secondary  iodoalkanes 

495-485 

Cl  Stretch.  conformation 

Ternary  iodoalkanes 

484-475 

Skeletal  liefurmatton 

Dialkyl  diacetylenes 

483 

Symmetric  Cl,  oretch 

CH,I, 

459 

Symmetric  CCI,  stretch 

ca. 

437 

Symmetric  Cl,  stretch 

CHI,  (in  soln) 

425-  1 50 

"Cham  expansion" 

't-AJkanes 

355-335 

Skeletal  deformation 

Monoalkyl  acetylenes 

267 

Symmetric  CBr,  stretch 

CBr,  On  soln) 

200- 160 

Skeletal  deformation 

Aliphatic  nitnics 

178 

Symmetric  Cl,  stretch 

Cl,  (solid) 
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Table  2-9.  Characteristic  Frequencies  for  Visible  and  Ultraviolet  Electronic 
Transitions  of  Various  Groups  of  Atoms  Bound  in  Hydrocarbon  Molecules 


Far  ulira-violei  Near  ulira-violei 
iVacuum  u v | 

1 1 

1 1 

Visible 

1 

1 

1 

1 

1 

1 

1 

1 

»•  1 

n— 1 
1 

e— » 

i 

1 

1 

1 

1 

1 

1 

100 

-3 

r-s 

1 1 
300  aoo 

1 1 
500  600 

700  m)i 

SOO 

100.000 

50,000 

33,333  :5,000 

M.OOO  16,667 

14.286  cm- 

12,500 

The  regions  of  the  electronic  spectrum  and  the  type 
of  transition  which  occurs  in  each. 


I mu)  £ 

-C=C-  I TO  16,0(X) 

-c=c— c=c-  ;:o  :i,ooo 

-C=C-C=C-C=C-  :60  35,001) 

while  for  oxygen-containing  molecules  we  have  both  n-^n*  and 
transitions: 

Isiroft^)  (ivfo/lc) 

lm)il  Imu) 


-C=0 

166 

2S0 

-c=c-c=o 

240 

320 

-c=c-c=c-c=o 

270 

350 

0=/^  V=o 

245 

435 

ti  — n*  lsir>ri(i  'I  — It*  iHeiiAl 

imui  lm|ii 


>c=c< 

I7i) 

c-c  - 

170 

>c=o 

I6f> 

280 

>C-Ns 

190 

300 

■» 

350 

>C=S 

-1 

500 
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Some  gases  having  electronic  transitions  in  the  visible  or 
near  ultraviolet,  namely,  at  wavelengths  longer  than  3000  A, 
are  listed  in  Table  2-10.  Because  of  the  cutoff  absorption  by 
atmospheric  ozone  at  wavelengths  shorter  than  3000  A,  transitions 
at  shorter  wavelengths  are  not  useful  for  remote  assessment 
of  trace  atmospheric  gases. 
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Table  2*10.  Some  Vapors  and  Gases  Having  Electronic  Transitions  In  the 

Visible  and  Near  Ultraviolet 


CHEMICAL 

FORMULA 

WAVE  LENGTH  (A) 

i 

NO2 

3000-6000 

NITROGEN  DIOXIDE 

N2O 

2800-3065 

NITROUS  OXIDE 

CH3CHO 

2500-3500 

ACETALDEHYDE 

CH2CHO 

3900-4200 

PROPYNAL 

CpO^Cl 2 

300-3800 

OXALYLCHLORIOE 

3300-4100 

URANIUM  HEXAFLUORIDE 

CaH^S 

3130-3180 

THIOPHENE 

C2^CH0 

300-3940;  4025-4122 

ACROLEIN 

C9N4H9 

4700-5600 

S-TETRAZINE 

SO2 

3400-3900 

SULFUR  DIOXIDE 

C3N3H3 

2700-3170;  3800-5000 

S-TRIAZENE 

(CH3)2C0 

2200-3300 

ACETONE 

CS2 

3900-4300 

CARBON  DISULFIDE 

1 .4CaHaN2 

2900-3300;  3560-3760 

PYRAZINE 

H2CO 

2300-3530;  3600-3967 

FORMALDEHYDE 

CH3I 

2000-3600 

METHYL  IODIDE 

H2C*C«0 

2600-3850 

KETENE 

CH2-NSN 

3200-4750 

ARAZOMETHANE 

C3O2 

2400-3300 

CARBON  SUBOXIDE 

H,-C»CH9 

2600-3400 

ETHYLENE 

CH3NO 

5900-7100 

NITROSOMETHANE 

H2C2O2 

2300-3200;  3900-5400;  5150-5750 

GLYOXAL 

O3 

3000-3740;  5500-6100 

OZONE 

BH 

4328 

Br2 

5110  ANO  AN  ABSORPTION  CONTINUUM 
AT  SHORTER  WAVE  LENGTHS 

BrCl 

VISIBLE  ABSORPTION  BANDS 
REPORTED  IN  HERZBERG  BUT  NOT 
PUBLISHED 
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Table  2-10.  Some  Vapors  and  Gases  Having  Electronic  Transitions  in  the  Visible 

and  Near  Ultraviolet  (Cont.) 


CHEMICAL 

FORMULA 

WAVE  LENGTH  {1) 

PrF 

5172 

BroO 

3330,4011 

Cj 

4796  AND  AN  ABSORPTION 
CONTINUUM  AT  SHORTER  WAVELENGTHS 

CIF 

5275 

CONTINUOUS  ABSORPTION  WITH 
MAXIMUM  AT  2899 

HI 

CONTINUOUS  ABSORPTION  STARTING 
AT  3636  WITH  MAXIMUM  AT  2083 

IBr 

5924 

h 

6393 

ICl 

5508 

S1H2 

5000-6000 

HCP 

3050-4100 

SO2 

3400-3900;  2600-3400 

CIO2 

2700-5100 

CH3I 

2000-3600 
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SECTION  3.  METHODS  OF  ASSESSMENT  BY  PASSIVE  METHODS: 

SUCCESSFUL  EXPERIMENTS 


3.1  EXCITATION  BY  DECAMETRIC  RADIATION  FROM  GROUND-BASED  AND 
SATELLITE  TRANSMITTERS  FOLLOWED  BY  EMISSION  AND  DETECTION 
OF  MActiWic  sPTii  "ftXBlAfioij 


Consider  first  the  operation  of  the  Alouette  satellites,  as  top- 
side ionosonders.  The  experimental  observations  discussed  in 
this  section  were  actually  excited  by  active  irradiation  from 
a source  in  the  satellite.  We  discuss  this  experiment  here  to 
illustrate  the  sensitivity  of  assessment.  We  suggest  in  this 
section  that  these  emissions  may  be  excited  by  existing  ground 
sources  of  several  megacycle  frequencies  and  so  assessed  by 
passive  means.  The  transmitter  and  receiver  simultaneously 
sweep  from  0.2  to  14.5  Mc/sec  during  each  30 -sec  interval.  At 
the  beginning  of  each  interval,  the  transmitter  emits  a 100-ysec 
pulse  at  a frequency  of  0.2  Mc/sec  and  an  average  power  of  300 
watts.  After  a 2 usee  delay  there  follows  a receiving  period 
of  33  msec,  then  the  transmitter  emits  a second  pulse  of  higher 
frequency,  followed  by  another  listening  period,  and  so  on. 

For  each  30"sec  interval  an  ionogram  displays  the  frequency 
V of  any  detected  signal,  its  time  of  arrival,  its  intensity, 
and  the  real  time.  When  the  frequency  of  the  transmitter 
equals  the  resonant  magnetic  dipole  frequency  of  a given  species 
of  free  radicals  in  the  atmosphere,  the  radicals  are  induced  to 
radiate  photons  of  t.he  resonant  frequency,  some  portion  of  which 
arrives  at  the  satellite  receiver  and  is  recorded.  From  the 
time  of  arrival  at  the  receiver  after  e.mission  of  the  stimulating 
frequency  from  the  transmitter,  the  distance  between  the 
satellite  and  the  free  radical  can  be  computed.  The  resonant 
frequency  is  given  by 


V 


guB 

h 


eh 

2 Me 


erg/gauss 


t u 
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where  g is  the  Lande'  factor  characterizing  the  radical, 
determined  by  spin-orbit  coupling,  B is  the  local  magnetic  field 
of  the  earth,  and  u is  the  electron  magnetic  moment.  The  B 
field  at  the  satellite  as  a function  of  its  geographical 
coordinates  may  be  computed  from  a polynomial  expansion  of 
the  geomagnetic  field. 
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With  u = 10  erg/gauss,  approximately  equal  concentrations  of 
a particular  species  have  dipoles  parallel  and  antiparallel 
to  the  local  magnetic  field  at  *300®K.  For  radicals  resonant 
with  the  Alouette  signal,  the  probability  of  reflection  in  terms 
of  the  Einstein  coefficient  for  stimulated  emission  is  given  by 

r?-l] 


W = [2TT{uV3)/h*c]  (dl/dv)  = 2 X 10^(dl/dv)  sec"^ 

where  (dl/dv)  is  the  energy  flux  from  the  sounder- transmitter 
per  unit  frequency  interval.  The  average  radiated  power  of  the 
Alouette  transmitters,  300  watts,  is  spread  over  a bandwidth 
of  about  30  kcs.  If  one  neglects  absorption  between  the 
satellite  and  a point  at  distance  R,  the  energy  flux  at  R is 

dl/dv  = 10®/4trR*  [erg/cm*sec(cy/sec)  ] . 

We  neglect  the  angular  dependence  and  assume  that  the  power  P 
reflected  by  a population  of  N magnetic  dipoles  per  cubic 
centimeter,  given  by 

P(R)  * W(N/2)  hv  = 2-10MN/2)hv/47TR^  (erg/cm^sec) 

is  radiated  isotropically.  The  intensity  of  the  signal  arriving 
at  the  satellite  at  time  t,  measured  from  the  time  at  which  the 
100  usee  pulse  begins,  is  given  by 
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S(t)  = J (P(R)/<S^R2]dV(erg/cm*sec) 

where  the  integral  is  taken  over  the  volume,  V,  of  origin  of 
reflected  radiation  reaching  the  satellite  at  time  t.  The 
volume  is  a spherical  shell  centered  at  the  satellite.  For 
a pulse  of  100  msec,  the  inner  surface  of  the  shell  has  radius 

-4 

Rj^  = c(t  - 10  )/2,  and  the  outer  .surface  has  radius  R2  = ct/2 

where  t is  measured  in  seconds  and  c is  the  velocity  of  light. 


Using  v = IC^  sac  it  follows 

that 

S(t)  » 3 X 10~^^N 

X 

dR/R^ . 
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Furthermore,  the  signal  must  be  at  least  10  seconds  long  so 
that 


If  the  signal  is  to  be  detected  at  the  satellite,  S(t)  must  be 

greater  chan  the  threshold  of  the  receiver,  that  is 
1.  * 2 

S(t)  > 3 X 10  ^ erg/cm  sec.  Then 


(3  X 10'^^)  (6  X 10~”^)  N > 3 X I0“^^/cm^ 

+ 4 3 

N > 2 X 10 


is  the  minimum  concentration  for  a detectable  signal  at 
R = 3 X lO^cm  (20  miles) . At  a distance  of  100  miles  the 
minimum  concer cration  is  N'  > 5 x 10^/cm^,  correspondi.ig  to 
N > 10  ^ ppb  of  ail . 


The  top-side  ionosonder  Alouette  satellites  have  been  in  orbit 
since  1965,  and  there  have  been  no  pro\;ests  against  their 
transniissions . They  are  in  polar  orbits  so  that  they  orbit 
over  all  the  countries  of  tlie  world,  including  Antarctica. 

However,  there  is  an  alternative  way  of  stimulating  the  magnetic 
spin  flip  emissions,  namely,  by  electromagnetic  irradiation  from 
ground-based  transmitters  such  as  ham  radios,  television  stations, 
ship  to  shore  transmitters,  navigational  beacons,  civilian 
aviation  radio  and  radar,  ground  to  satellite  communications, 
microwave  relay,  and  the  like.  Any  frec.ency  at  shorter  wave- 
length ship  stimulate  spin  flip  emission  v - in  the  Raman 
mode.  That  is,  the  photon  of  frequency  v is  scattered  inelas- 
tically  by  the  magnetic  dipole  to  a frequency  lower  by  v so 

w 

that  the  scattered  photon  has  frequency  v - v^,  where  = gyB/h 
as  before.  T.hus  if  the  satellite  observes  both  v and  v - v^, 
then  g can  be  evaluated,  and  in  this  way,  the  molecular  species 
causing  the  Raman  scattering  can  be  identified. 


Consider  the  scattering  of  light  of  frequency  v by  a bou.Ad 
electron  of  characteristic  frequency  v^.  The  total  elastic 
scattering  cross  section  is  given  by  the  classical  formula  [3-1]: 
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When  a photon  of  incident  wave  number  is  inelas tically 
scattered  so  that  it  loses  energy  IZ,  the  differential  elastic 
scattering  cross  section  is  given  by 
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In  the  case  of  resonant  (elastic)  scattering,  for  the  total 
cross  section, 

o = 16  r‘  - lO”^  *cm*  . 

o 

For  the  Alouette  experiment  where  resonant  magnetic-dipole 
scattering  was  observed,  the  cross  section  is  decreased  by 
(u/er^)^  - 10’\ 

If  Raman  scattering  in  the  inelastic  magnetic-dipole  mode  is 
observed,  as  we  propose  here,  the  electric  dipole  scattering 
probability  will  be  decreased  by  (AE/hv)^.  Let  AE  - 1 Me, 
appropriate  to  magnetic  spin  flip  of  free  radicals  in  the  earth's 
troposphere,  and  let  hv  20  Me  by  the  incident  radiation.  The 
the  effective  cross  section  relative  to  that  in  the  Alouette 
experiment  will  be  decreased  by  (1/20)^  = 1/400.  Then  the 
minimum  density  N of  a magnetic  species  observable  at  distance 
d will  be: 


d = 20  miles;  N > 8 x 10^/cm^  (5  x 10  ^ppm) 

% 

d = 100  miles;  N > 6 x 10^/cm^  (4  x 10  ^ ppm)  . 

Amateur  frequencies  of  greater  than  1 .Me  are  listed  in  Table  3-1. 
Their  input  power  is  lower  by  1/6  than  Alouette,  which  would 
increase  the  minimum  detectable  concentrations  N accordingly. 

The  electromagnetic  spectrum  at  frequencies  above  30  .Me  is  shown 
in  Figure  3-1.  The  civilian  air  traffic  navigational  frequencies 
used  by  groiond-based  transmitters  at  various  airports  world  wide 
in  the  frequency  band  108-135  megacycles  .may  be  obtained  from 
sets  of  charts  published  by  Jeppeson  Con^any  [3-3]. 

Besides  these  sources  of  radiation  which  are  able  to  stimulate 
magnetic-dipole  spin  flip,  there  is  the  powerful  Over-the-Horizon 
(OTH)  radar  which  irradiates  most  of  China,  Russia,  and  the  iJear 
East,  at  20  .Me  [3-4  to  3-7  and  Appendix  A , described  in  New 
Scientist,  November  1974). 
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Table  3-1.  A Suimiary  of  the  U.S.  Amateur  Bands.  (Figures  are  Megacycles. 
Aj,  Means  an  Unmodulated  Carrier,  A1  Means  C.W.  Telegraphy,  A2  is  Tone- 
^Modulated  C.W.  Telegraphy,  A3  is  Amplitude-Modulated  Phone,  A4  is 
Facsimile,  A5  is  Television,  N.F.M.  Designates  Narrow-Band  Fre- 
quency- or  Phase-Modulated  Radiotelephony,  F.M.  Means  Frequency 
Modulation,  Phone  (Including  N.F.M.)  or  Telegraphy,  and  FI  is 
Frequency-Shift  Keying)  [3-8] 


80  meters  3,500-4000  — A1 

3.500- 3,800  - FI 

3,800-4000  --  A3  and  n.f.m. 

40  meters  7,000-7,300  --  A1 

7.000- 7,200  - FI 

7.200- 7,300  --  A3  and  n.f.m. 

20  meters  14,000-14,350  — A1 

14.000- 14,200  - FI 

14.200- 14,300  --  A3  and  n.f.m. 

14,300-14,350  - FI 

15  meters  21  ,000-21  ,450  - A1 

21  ,000-21  ,250  - FI 

21  ,250-»21  ,450  --  A3  and  n.f.m. 

n .meters  25,960-27,230  — Ao,  A1 , A2,  A3,  A4,  f.m. 

10  meters  28,000-29,700  — A1 

28.500- 29,700  — A3  and  n.f.m. 

29.000- 29,700  - f.m. 

5 meters  50-54  --  A1 , A2,  A3,  A4,  n.f.m. 

51-54  --  A$ 

52.5-54  --  f.m. 

2 meters  2^1225  > " 

420-450 ‘ 

1,215-1,300 
2 , jOO-2  ,450  V 

3,300-3,500  / f _ 


, — A$,  A1 , A2,  A3,  A4,  A5-  f.p. 


5,550-5 ,925 
10,000-10,500 
21  ,000-22,000 
All  above  30,000 


pulse 


•Input  power  must  not  exceed  50  watts. 
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Table  3-1.  A Sunmary  of  the  U.S.  Amateur  Bands  (Cont. ) (3-8] 


In  addition,  A1  and  A3  on  portions  of  1,800-2,000,  as  follows: 


Area  Band,  kc. 

Power  Day 

Power  Night 

Minn,  Iowa,  Wis,  Mich,  Pa.,  1800-1825 

Md. , Del,  and  states  to  North  1875-1900 

500 

200 

N.D. , S.D. , Nebr. , Colo,  N.  1900-1925 

Mex. , States  west,  incl.  Hawaii  1975-2000 

500* 

200* 

Okla.,  Kans.,  Mo.,  Ark.,  111.,  1800-1825 
Ind. , Ky.,  Tenn.,  Ohio,  W.  1875-1900 

200 

50 

Va. , Va. , N.C. , S.C. , and 
Texas  (west  of  99°  W or  North 
of  32°  N) 

No  operation  elsewhere. 

* 

Except  in  state  of  Washington,  200  watts  day,  50  watts  night. 

Novice  licensees  may  use  the  following  frequencies,  transmitters  to  be 
^ crystal -con trolled  and  have  a maximum  power  input  of  75  watts. 

3700-3750  A1  21  ,00-21,250  A1 
7,150-7,200  A1  145-147  A1 , A2,  A3,  f.m. 

Technician  licensees  are  permitted  all  amateur  privileges  in  50  Me. 
and  in  the  bands  220  Me.  and  above. 
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According  to  the  New  Scientist  article,  the  known  transmitters 
and  receivers  are  at  Cypress  and  Okinawa.  The  beam  is  aimed  low, 
at  2-4°  above  the  horizontal,  the  frequency  is  adjustable  around 
20  Me,  and  the  power  for  the  transmitter  is  about  300  kW.  This 
geometry  is  ideal  for  observation  of  Raman- scattered  radiation 
by  a satellite  receiver  moving  above  the  irradiated  area.  The 
signal  bounces  alternately  off  the  ground  and  the  ionosphere  making 
several  hops  as  it  crosses  the  irradiaw-d  terrain.  Presumably 
OTH  uses  a constant  wave  transmitter;  thus  the  advantage  of 
pulsed  transmission  plus  observation  of  reflected  signal  vs  delay 
time  is  lost.  On  the  other  hand,  the  Raman  shift  separates  the 
returned  signal  in  frequency  from  resonance  scattering  of  the 
incident  radiation  and  prevents  confusion,  simplifying  its 
detection . 

3.2  REMOTE  DETECTION  OF  EMISSION  AND  ABSORPTION  IN  THE  INFRARED 
AND  VISIBLE  USING  PASSIVE  SENSING 


Detection  of  absorption  and  emission  of  pollutant  gases  in  the 
lower  troposphere,  depending  on  excitation  by  reflected  sunlight, 
uses  excitation  of  vibration-rotation  and  electronic  motions  at 
photon  frequencies  able  to  penetrate  the  atmosphere.  The  satellite 
or  airplane-borne  detection  equipment  may  be  either  a spectrometer 
or  a set  of  filters  together  with  a photomultiplier  able 
to  record  the  selected  photons.  To  illustrate  this  principle,  we 
describe  several  experiments  in  which  remote  detection  has  already 
been  reduced  to  practice  as  follows; 

3.2.1  Experiment  No.  la  [Ref.  3-9] 

Source  of  Excitation: 

Sunlight  reflected  from  the  surface  of  the  earth. 

Wavelength  Studied; 

2720  A to  4220  A for  SO2  df  ..ection  by  absorption. 


4000  A to  5500  A for  NOj  detection  by  absorption  . 

4800  k to  6300  k for  I2  for  calibration  by  absorption  . 

Equipment;  (See  Figures  3-2  and  3-3.) 

A grating  spectrometer  which  views  the  radiation  coming 
from  the  troposphere  below.  The  dispersed  spectrum  is  fed 
through  a mask  which  has  slits  where  the  pollutant  absorption 
lines  should  occur.  The  dispersed  spectrum  is  wiggled 
periodically  across  this  mask.  If  the  signal  from  the 
photomultiplier  reaches  minimum  periodically,  then  there 
is  a resonant  beat  signal  which  means  that  the  observed 
absorption  spectrum  fits  the  expected  spectrum,  and  the 
pollutant  is  positively  identified. 

Sensitivity : 

Less  than  0.2  ppm  of  pollutant  gas  seems  to  be  detectable 
under  realistic  conditions,  using  measuring  equipment  in 
a balloon  over  Chicago  at  35  km  altitude. 

This  experiment  measured  the  product  of  (pollutant  concentration)  x 
(path  length) . In  the  second  experiment  made  simultaneously 
from  the  ground,  the  concentration  was  evaluated. 

Over  another  country,  it  may  not  be  feasible  to  m^U^e  the  ground 
measurement  so  that  the  concentration  cannot  be  evaluated 
directly  in  this  way.  On  the  other  hand,  the  Nimbu  is  daily 
measuring  the  atmospheric  temperature  profile  around  the  world. 

If  the  relative  intensities  in  the  various  infrared  lines  of 
the  spectrum  characterizing  a given  pollutant  are  measured,  then, 
taking  into  account  the  temperature  profile  from  the  Mimbus,  the 
concentration  of  pollutant  as  a function  of  altitude  can  be 
deduced.  If,  alternatively,  the  client  wishes  only  to  identify 
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CORRELATION  ; SPECTRUM  OF  SO 


Figure  3-2.  Schematic  Signals  Received  in  a Correlation  Spectrometer 
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Figure  3-3.  Dispersive  System  for  Vapor  Detection  Using  Spectrum 
Correlation  Filter 
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the  pollutant  and  does  not  care  about  the  concentration  profile, 
the  answer  is  obtained  directly  from  the  experiment  described 
above. 

The  geometry  is  illustrated  in  Figure  3-4.  The  results  of 
Experiment  No.  1 are  described  in  Figures  3-5  and  3-6.  The 
equipment  used  in  this  comparison  is  called  a Correlation 
Spectrometer. 

3.2.2  Experiment  No.  lb  [Ref.  3-10] 

The  wavelengths,  equipment  and  sensitivity  are  identical  with 
those  described  in  Experiment  No.  la. 

In  this  experiment,  tests  of  an  airborne  installation  were  made 
from  a helicopter  using  a remote  sensing  instrument  (described 
in  Experiment  No.  la)  and  from  a fixed  wing  Aero  Commander  500  A. 
Surveys  were  made  along  the  Toronto  water  front  and  around 
Washington,  D.C.  Individual  plumes  from  the  electrical  generating 
stations  and  shore  line  industries  are  readily  identified,  with 
signals  reproducible  to  10  percent.  The  product  of  pollutant 
concentration  x path  length  was  measured  as  the  plane  climbed  from 
500  to  15,000  feet.  In  this  way,  it  was  determined  that  the 
major  part  .'f  the  pollutant  was  confined  below  a 4000  ft  altitude. 
With  an  effective  path  length  of  5000  meters,  which  may  not  be 
unusual  over  an  industrial  area,  the  correlation  spectrometer 
can  detect  concentrations  as  low  as  two  parts  per  billion, 
corresponding  to  a minimum  signal  of  about  20-30  ppm-meter.  The 
correlat  in  spectrometer  technology  obviously  is  applicable  over 
the  whole  of  the  visible  and  infrared  windows  of  the  atmosphere 
and  may  be  varied  by  adjusting  the  spacing  of  the  lines  scribed 
on  the  grating  and  by  varying  the  positions  of  the  photomultipliers 
and  masks  along  the  circumference  of  focus  of  the  grating 
jpectro meter. 
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OUTGOING  FLUX -GAS  SIGNAL  ♦ DILUTION 


Figure  3-4.  Attenua*:ion  and  Dilution 


Figure  3-5. 


Balloon  Flight 
September 


S02  Profile: 
3.  1969 


Chicago  Area, 
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Figure  3-6.  Balloon  Flight  N02  Profile:  Chicago  Area, 

September  3,  1969 


3-16 


Experiments  la  and  lb  show  that  any  gas  pollutant  with  an  infrared 
and/or  visible  signature  may  be  searched  for  by  a 
passively  sensing  correlation  spectrometer  carried  at 
satellite  altitudes.  In  these  two  experiments,  positive  results 
were  obtained  for  identifying  the  signatures  of  NO2  and  SO2  at 
minimum  concentrations  of  ^0.02  ppm.  We  may  expect  similar 
sensitivities  for  detection  of  any  of  the  gases  listed  in  the 
foregoing  tables  which  have  characteristic  vibronic  and/or 
electronic  signatures  in  the  frequency  inter’. als  corresponding 
to  windows  in  the  atmosphere. 

Some  interesting  applications  of  this  remote  sensing  technique 
have  been  listed  in  Ref.  3-10.  For  example, 

• The  monitoring  of  volcanic  emissions  of  sulphur  dioxide 
and  other  gases  to  provide  warnings  of  impending  volcanic 
activity. 

• The  detection  of  fumarole  emissions  as  a guide  to  the 
location  of  sources  of  geothermal  energy. 

• The  measurement  of  trace  gases  emitted  by  oxidizing 
mineral  deposits  and  the  use  of  this  information  as  a 
guide  to  exploration. 

• The  measurement  of  gaseous  emissions  of  iodine  vapor 
associated  with  oil  field  brines  as  a guide  to  potential 
oil-bearing  regions. 

• The  applications  of  optical  remote  sensing  techniques  to 
the  detection  of  fish  oil  slicks  associated  with  large 
schools  of  fish. 
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In  Figures  3-7  thru  3-11  and  Tables  3-2  and  3-3,  the  data  of 
Barringer  et  al.,  measured  witli  their  airplane-borne  technology, 
are  illustrated.  With  respect  to  detecting  oil  slicks,  the 
infrared  signatures  of  some  oils  one  might  expect  to  find  on 
surfaces  of  water  in  rivers,  lakes,  harbors,  and  oceans 
are  shown  in  Figure  3-12.  The  atmospheric  windows  through  which 
these  signatures  might  be  detected  in  absorption  are  also  indicated. 

3.2.3  Experiment  No.  2 [Ref.  3-11] 

An  infrared  spectrophotometer  is  used  either  to  measure  emitted 
radiation  from  warm  gases  as  in  gas  plumes  emitting  against 
a cold  background  or  in  absorption  of  solar  radiation  reflected 
from  the  earth's  surface.  It  has  been  used  in  particular  for 
measuring  ozone  bands  at  about  8700  A.  The  intensities  are 
measured  in  up  to  64  narrow  channels  in  the  8,500  - 12,500  A 
atmospheric  window.  An  analog-to-digi tal  converter  puts  the 
measured  intensi  .es  into  a computer  for  comparison  of  their 
intensities  with  laboratory  intensities  obtained  for  the  pollutant 
of  interest  at  similar  temperatures  and  pressures.  These  laboratory 
intensities  are  called  "training  spectra."  The  computer  connected 
by  transmission  to  the  receiver  can  simultaneously  evaluate  the 
least  squares  frequency  and  amplitude  equation  for  up  to  ten 
infrared-absorbing  (or  emitting)  pollutants.  For  example,  the 
error  in  the  9500  A channel  for  evaluation  of  the  ozone  signature 
corresponds  to  about  ;1  percent  absorption. 

3.2.4  Experiment  No.  3 [Ref.  3-12] 

In  this  experiment,  various  kinds  of  rocks  on  the  earth's  surface 
have  been  identified  by  their  characteristic  emittance  features 
caused  by  molecular  vibrations  of  atoms  in  the  various  crystal 
structures.  The  Earth  Resources  Technology  Satellite  carries 
sensors  which  selectively  observe  reflected  sunlight  (from  the 
earth's  surface)  in  channels  of  0.475  - 0.575  /urn,  0.580  - 0.680  /urn. 
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Figure  3-7.  Sulfur  Dioxide  Concentration--Total  Vertical  Burden 

Toronto,  November  15,  1967 
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Figure  3-8.  SO2  Profile  Over  Lake  Ontario 
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Figure  3-9.  SO2  Mass  Balance— Washington,  D.C. 
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Table  3-2.  SO,  Oeteniiinat ions 
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Table  3-3.  Sumnary  of  Airborne  Results 
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Figure  3-12.  Fish  and  Mineral  Oil  Spectral  Signatures  [Ref.  3-12] 
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3.069  - 0.830  ^m,  and  0.6  - 0.7  (im,  0.7  - 0.8  /im,  0.8  - l.l  fim, 
and  10.4  - 12.6  nm.  Iron  oxides  have  been  surveyed  using  the 
fact  that  ferrous  compounds  have  electronic  transitions  reflecting 
strongly  at  1.0  pim  whereas  ferric  compounds  reflect  mainly  at 
0.87  and  0.70  /im.  The  ratios  of  signals  in  these  two  channels 
as  seen  from  altitude  give  a measure  of  iron  ores  on  the  surface 
of  the  earth.  This  experiment  was  made  on  an  overflight  at  about  a 
1-km  altitude.  E%*aluations  of  observed  relative  reflectances  in 
the  several  infrured  sensing  channels  are  shown  in  Figure  3-13 
an'  Table  3-4. 

3y  si.milar  analyses,  based  on  previous  calibration  of  reflectances 
in  the  laboratory,  it  should  be  possible  to  assess  remotely  the 
composition  of  slag  piles  and  mine  tailings. 

3.2.5  Experiment  Mo.  4 [Ref.  3-13] 


Passive  remote  sensing  of  electromagnetic  radiations  of  an  8 to  10  cm 
wavelength  allowed  temperatures  of  the  surface  of  the  Baltic  Sea 
to  be  evaluated  by  comparison  of  relative  intensities  of  the  OH 
bands  from  the  sea  surface.  The  temperatures  computed  from  these 
observations  are  shown  in  Figure  3-14,  and  are  compared  there 
with  temperatures  measured  by  ships.  One  sees  that  with  an 
additive  constant  correction,  t.his  method  of  remote  assessment 
by  passive  i.nfrared  spectral  measurement  is  very  good. 

3.2.6  Experi.ment  h’o.  5 [Ref.  3-14] 


(a)  A Radiometer  was  used  to  measure  atmospheric  emission  with 
a resolution  better  than  2 cm  ^ in  the  region  1-30  microns; 

(b)  a spectrometer  was  u.sed  to  measure  atmospheric  absorption 
using  the  sun  as  a source  with  a resolution  of  about  0.3  cm  ^ 

in  the  1-  to  30-micron  region.  The  equipment  was  borne  on  a balloon. 
(Note:  for  down -looking  observations  of  atmospheric  absorption, 

the  sun's  glitter  could  be  substituted  as  a source.)  A liquid 
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Figure  3-14  Temperature  Map  of  the  Caspian  Sea.  Obtained  from 
infrared  and  Microwave  Radiometer  Data  A = 3-10  cm 
Microwave  and  Infrared,  Passive 


nitrogen  cooled  Ge:Cu  detector  appears  to  be  used  for  both 
techniques.  The  grating  spectrometer  has  a 1/2  meter  focal  length 
with  a grating.  The  radiometer  uses  a filter  wheel  with  positions 
for  5 filters.  Typical  spectra  are  shown  in  Figures  3-15  thru 
3-19.  Vertical  profiles  for  H2O,  CO,  N2O  and  HNO^  obtained  by 
analysis  of  the  spectra,  are  shown  in  Figure  3-20.  The  maximum 
sensitivity  obtained  appears  to  be  about  0.02  ppm. 

3.2.7  Experiment  No.  6 [Ref.  3-15] 

A correlation  interferometer  has  been  developed  for  measurement 

of  CO  and  CH.  at  2.35  microns.  The  instrument  has  b^^'n  used  in 
4 

laboratory  tests,  solar-looking  ground-based  tests  (and  therefore 
could  probably  be  used  for  looking  down  at  the  sun's  reflection 
from  a bouy  of  water) , and  downwarn  looking  airplane-based  tests 
(on  a Falcon] . CO  and  CH^  were  successfully  detected.  It  is 
computed  that  the  method  could  be  used  to  detect  NO2  at  0.4  - 
0.04  ppb  and  SO2  at  0.04  - 0.009  ppb.  The  interferometer  is 
shown  schematically  in  Figure  3-21.  The  filter  had  a half  width 
of  10  cm”^.  , 

An  example  of  the  interfercgram  measured  for  detection  of  CO  is 
shown  in  Figure  3-21.  In  order  to  determine  the  detectability  of 
a number  of  atmospheric  trace  gases  by  this  method,  calculations 
were  made  to  simulate  the  operation  of  the  correlation  interfero- 
meter as  follows: 

• Spectra  with  0.5  cm  ^ resolution  were  obtained  in  the 
laboratory  for  individual  gases,  see  Table  3-5. 

• Using  a computer,  spectra  of  various  combinations  of 
gases  were  simulated  for  various  filters,  using  the 
laboratory-measured  spectra. 
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•15a.  Typical  Spectral  Atmospheric  Radiance  Measured  10  December  1969 
at  Altitudes  of  3.4,  10.0,  20.1,  and  24.7  km.  (The  zenith 
angle  was  45®  for  all  records.) 


;-15b.  Atmospheric  Transmittance  vs  Wavenumber  from  Consecutive  Records 
at  Various  Altitudes  for  the  2125-2175  cm*^  Region 
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Figure  3-16a.  Samples  of  the  Reduced  Data  Obtained 
22  February  1971  at  Alamogordo,  New  Mexico,  Show- 
ing the  Downward  Night  Emission  in  the  16-30u 
Region  as  a Function  of  Altitude.  The  Zenith 
Angle  Was  45°  for  All  Records.  Successive 
Records  are  Displaced  by  Two  Decades  of 
the  Log  Scale 


3-33 


RADIANCt  (//wLm 


* 

1 

CALCULATED 

i 

j 

1 

; i - 

1 

4 1 

* ■ ' i 

P' 

\ . ' ' 
* • 1 * 

I , ’ ' ' 

A ’ 

, .1^  ■■■  ..>1— l-.J  ■ 

/j  M 

:o  V ::  ::  :■»  ’s  z"  :?  n lo 


:xpe=imental 


t 


./aI 


A-'. E -ENG"-  ' 'r.-:r;rs, 


Figure  3-16b,  Comparison  of  Calculated  and  Measured 
Emission  Spectra  in  the  20-30u  Region  for  Record 
127  of  the  February  Flight.  U(l)  is  Derived 
from  the  25u  Line  Group  and  Corresponds  to 
a Mixing  Ratio  of  5.8  x 10’°  gm/gm 
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Atmospheric  Transmittance  vs  Wavenumber  at  Various  Altitudes 
for  the  2175-2250  cm"l  Region,  Records  23-26 


3-36 


the  2175-2250  cm~l  Region,  Records  43-46 
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Figure  3-20.  Concentrations  of  Atmospheric  Pollutants,  Both  Measured 

and  Computed,  vs  Altitude 
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Figure  3-21a.  COPE  Correlation  and  Interferometer 
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Figure  3-21 b.  Interferogram  and  Spectrum  of  CO 
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Table  3-5. 
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• From  each  such  combination  spectrum,  an  interf erogram 
was  generated  for  various  atmospheres  with  and  without 
the  trace  gas  of  interest. 

The  estimated  detection  sensitivities  are  listed  in  Table  3-6. 
Interf erograms  for  various  gases,  generated  by  computet  as 
described  above,  are  shown  in  Figure  3-22.  The  abscissa  is  the 
path  difference  caused  by  motion  of  the  compensator  plate. 

3.2.3  Experiment  !Jo.  7 [Ref.  3-16 ] 

The  most  famous  of  the  experiments  on  passive  sensing  of  the 
lower  troposphere  from  satellite  altitudes  is  that  of  the 
Nimbus  satellite  4,  (NASA),  a joint  project  of  Oxford  and 
Keriot-Watt  Universities.  This  satellite,  in  a polar  orbit 
between  80°N  and  80°S,  carries  a radiometer  which  measures 
thermal  emission  from  the  15  micron  band  of  atmospheric  CO2. 
Emission  is  spectrally  stlected  in  six  different  radiometric 
channels  corresponding  to  observation  of  six  different  atmos- 
pheric layers  2 nb  thick.  This  method  depends  on  the  fact  that 
the  CO2  at  lower  altitudes  is  progressively  warmer,  so  that 
its  molecules  populate  higher  vibrational  levels.  Data  are  sent 
routinely  from  the  satellite  to  Washington,  D.C. , and  from  there 
to  Oxford  University,  where  they  are  processed  online  by  computer. 
Profiles  of  temperature  vs  altitude  and  bs  pressure  are  derived 
from  the  six  radiances  of  each  observation,  down  to  ground  level, 
for  latitude  bands  4°  wide  centered  at  4°  intervals  between 

80°N  and  80°S.  The  atmospheric  concentration  of  CO-  is 

-4  ^ 

3.3  x 10  by  volume.  For  one  of  the  six  channels,  the  resolu- 
tion is  one  cm  ^ in  band  width  and  about  5 km  in  altitude. 
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Table  3-6.  Estimated  Detection  Sensitivities  Relative  tn  rn 
V ssuming  Source  Intensity  to  be  Independent  of  Wavelength) 


Species 

Filter  Center 
Frequency 
icm)  itim) 

Delay  Range 
(mm) 

Sensitivities 
Relative  to 
CO  • 0.04  atm-cm 

CH4 

4280 

(2.39) 

5.5  - 6 4 

5 

All  other 

2 

CO 

4280 

(2.39) 

2.3-3  5) 

5.6 -6.3 

1 

7.4-9.4I 

COj 

4835 

(2.07) 

5.0 -6.0 

6.0 -8,0 

125 

.All  other 

1250 

H;0 

346  5 

(2,89) 

All 

1250 

NH3 

4500 

(2.22) 

2.0 -4.0 

5 

6.3  • 7.5 

10 

N;0 

3465 

(2.89) 

3.0-  3.6 

5 

3.5  -9.7 

0.5 

NO* 

1900 

(5.26) 

2.3 -3.7 

0.2 

5.8 -7.0 

0.08 

9.0 -9.5 

0.08 

NOj* 

1630 

(6.13) 

0.5  - 4.0 

0.06 

All  other 

0,08 

SOj* 

1370 

(7.30) 

- 2.0 

0.03 

2.5  - 4.0 

0,2 

4.5 -5.7 

0.2 

8.0  - 9,5 

0.3 

C,H4* 

2S88 

(3.35) 

1, 0-4.0 

0.5 

4.5  • 5.5 

0.2 

6.0-  8.5 

0.5 

C2H6 

2988 

(3.35) 

1.0 -4.0 

0.02 

5,0-  7.5 

0.008 

7.5  -9.2 

0.02 

•Detector  w„|.  a D*  - 3 x iQlOcm  Hr'/2  W-i;  all  other  species 
assume  detector  with  a D*  » 10*  ■ cm  Hrl/2  Wl. 
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Figure  3-22a.  CO  Effect  on  Interferogram 
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Figure  3-22b.  NO  Effect  on  Interferogram 
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Figure  3-22c.  Methane  Effect  on  Interferogram 


Figure  3-22d.  SO2  Effect  on  Interferogram 


3-45 


Figure  3-23  shows  the  weighting  functions  applied  to  the  radiances 
measured  in  each  of  the  six  radiometric  channels,  and  Figure 
3-24  shows  the  temperatures  evaluated  for  each  of  the  four 
channels  at  the  four  highest  altitudes,  and  how  the  averages 
of  those  temperatures  are  distributed  globally  for  one  particular 
day.  The  temperatures  evaluated  for  upper  atmospheric  levels  are 
routinely  published  in  the  quarterly  Nimbus  reports  (Global 
Stratospheric  Analyses,  Oxford  University,  Atmospheric  Physics 
Department) , whereas  those  for  ground  levels  are  evaluated  on-line 
by  the  computer  but  not  published.  The  value  of  this  experiment 
is  that  it  has  been  reduced  to  a routine  assessment  of  the 
vertical  temperature  profiles  of  the  atmosphere  "ill  over  the 
world,  daily  and  hourly,  with  satellite-bome  equipment.  These 
temperature  profiles  will  be  useful  in  evaluating  concentrations 
of  gaseous  pollutants  in  the  lower  troposphere,  detected  from 
other  satellite-borne  equipment  (see  Figure  3-25)  [Ref.  3-16e] . 

3.2.9  Experiment  No.  8 [Ref.  3-17] 

Measurement  of  rotational  emissions  from  interstellar  molecules 
using  ground-based  radiotelescopes  with  diameters  of,  e.g.,  10 
meters.  These  radiations,  typically  in  the  region  of  1 to  100 
kilomegacycles , may  be  attenuated  by  as  much  as  100  decibels 
in  traversing  the  earth's  atmosphere.  The  molecular  species  which 
had  been  observed  up  to  1973  are  listed  in  Table  3-7  together  with 
the  rotational  radio  frequencies  which  characterize  them.  The 
interstellar  clouds  which  contain  these  molecules  move  both 
toward  and  away  from  the  solar  system,  therefore  the  Doppler 
broadening  of  the  rotational  emission  lines  is  large.  Rotational 
spectra  observed  for  several  interstellar  molecular  species  are 
shown  in  Figure  3-26.  The  clouds  are  usually  optically  thicic  so 
that  the  brightness  temperature  equals  the  excitation  temperature 
of  about  4°K  to  45°K.  The  emissions  come  from  column  densities 
of  10^^  to  10^®  molecules  per  cm^.  Reversing  the  geometry,  a 


3-46 


frtssurt  (mb) 


Figure  3-23a.  Weighting  Functions  of  the 
Nimbus  IV  SCR 


Figure  3-23b.  Orbit  Plot  Overlay 
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Figure  3-24. 


''5  Altitude  and  Latitude  Plot 
deduced  from  Nimbus  Measuren^nts 


TEMPERATURE  (K) 


Figure  3-25.  Con^arison  between  Ten^erature  Profile  Deduced  from  the 
Radiances  (Full  Lines)  over  Wallops  Island  June  17,  1970,  at  1644  Z 
Radiosonde  from  Wallops  Island  June  17,  1970,  at  0000  Z,  and  rocket- 
sonde  from  Wallops  Island  June  17,  1970,  at  1630  Z 


Table  3-7.  Molecules  Observed  in  the  Interstellar  Medium 
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Figure  3-26a.  Millimeter  Spectral  Lines  Observed  for  Several  Molecular  Transitions 
in  the  Direction  of  SgrB  (Left)  and  W51  Clouds.  Intensity  (Expressed  as  Ta) 
is  Shown  as  a Function  of  Velocity  Relative  to  the  Mean  Motion  of  Stars  Near 
the  Sun.  Crosses  Are  at  60  km/sec  and  0 Ta  for  Each  Line 


110380 


1 10340 


110360 

FREQUENCV  (MMi) 


Figure  3-26b.  Methyl  Cyanide  Emission  from  Sgr  B2  (OH)  in  the 
J * 6k  5|(  Transition.  Five  Lines,  from  K = 0-4,  Contribute 
to  the  Profile.  Relative  Intensities  of  the  Lines  Indicate  a 
Boltzmann  Temperature  of  About  150°K  for  the  K-Level  Popula- 
tion. The  K Levels  Do  Not  Mix  Radiatively.  This  Temperature 
Indicates  the  Kinetic  Temperature.  Observations  Only  1 Arc 
Min  from  This  Position  Show  Much  Lower  Excitation  Temperatures 
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10-meter  radio  dish  carried  above  the  atmosphere  looking  down 
at  trace  gases  in  the  lowest  50th  of  the  atmosphere  may  be  able 
to  detect  them  at  concentrations  of  perhaps  a part  per  billion 
in  emission  against  a cold  surface.  Instead  of  Doppler  broad- 
ening, the  rotational  lines  will  be  broadened  by  collisions. 

3.2.10  Experiment  No.  9 [Ref.  3-18] 

A balloon-borne  grating  spectrometer  with  a spectral  resolution  of 
0.35  cm~^  was  used  to  observe  the  solar  spectrum  in  the  region 
4.76  to  5.5  microns.  (Thus  in  principle  this  instrument  could  be 
pointed  down  to  observe  similar  phenomena  against  the  glitter 
image  of  the  sun  in  the  surface  reflection  of  oceans,  lakes, 
rivers  and  ponds.)  Absorption  lines  and  bands  of  solar  CO, 
telluric  H^O,  CO^,  and  ^^2^'  well  as  NO  were  observed  to  a 
limit  of  1 to  3 ppb.  The  detector  was  a liquid  helium  cooled 
GE:Cu  solid-state  crystal.  Samples  of  the  observed  absorption 
spectra  are  shown  in  Figure  3-27. 

3.2.11  Experiment  No.  10  [Ref.  3-19] 

An  infrared  heterodyne  radiometer  with  a spectral  resolution  of 
0.04  cm  ^ was  used  for  remote  detection  in  the  laboratory  at 
room  temperature.  Each  gas  was  observed  remotely  in  air  at 
1 atm.  Sensitivities  as  low  as  a few  parts  per  billion  were 
achieved.  The  detected  radiation  from  S02>  CO2 , 0^,  NH^, 

CH^  was  mixed  with  the  output  of  a local  oscillator  which  was  a 
CO2  laser,  at  10.6  microns.  A CO  laser  at  about  5.2  microns 
was  used  as  the  local  oscillator  for  remote  detection  of  NO  in 
stack  gases  from  stationary  power  sources.  The  local  laser 
radiation  and  the  radiation  to  be  detected  are  combined  by  a 
beam  splitter  and  then  focussed  onto  the  detector  which  acts 
as  a mixer.  The  amplif ier-and-filter  system  that  receives  the 


3-53 


rHAfr^Ai  fAr# 


oo  - 

.-n 

oc  i- 


'i.i  ••.iv^.j- 
I 


, I..'  i"'“ 

Iv/-,.’'  !l'.'.'' 


■l" 


K)  i-  !■' 

f- 

«r 

» 

L. 

JC  ^ 

'aob' 


!“ 

I ,1,1  ' * 7 ,f‘  • • l'^'•  .•  •. 

i ♦ . ■ # . • *.  ^ f ' 1 •*  ***1'|*  •!  I 

”, , vvy  I iiiii  ii';i  '•»  •^■'•■. ; 

' ■ ('l  ' " 1.1 ''  ' ii  I # 

! ' I jli  ' ''I,!  !''''”■>  V: 


'( '■(IM  ■ 

!,i 

I 


■'•'i  !• 


J-  '•  ' [ 


I'i 


. I' 


11/  : N r I 


' ■ ( 


1 

i . I ■ 


I I 


I 


ex 


?K  i*JO 


«40  «6C 

a.  For  the  region  1 800- 1 960  on- ! 

Qfr;- 


■■  './•■'I 


, V 


'^4'  >t4 

,1,1  (hi'  I ij!  !l  -! 

ill 


tt  1 


it  . 

I 

1 


!ii 


.920 


,»0 


9« 


00 
■00 
90  ’-. 

« -I 


JO  — ■ li 
“i 

20  — 


■9« 


9«C 


?3‘>0  JX-O  ’090 

/u.ENij».eeo 

b.  Tor  the  repim  1 940-2 1 00  cnr  • 


20« 


?;60 


2>D0 


Figure  3-27  Observed  Spectral  Transmittance  at  Various  Altitudes  and 
Solar  Zenith  Angles.  Rec  24  at  8.5  km  and  60.37°;  Rec  25  at  g.""  km 
and  60. 78”;  Rec  26  at  9.8  km  and  61.20°; 

Rec  27  at  10.5  km  and  61.57° 


output  of  the  mixer  is  sensitive  to  the  beam  frequencies  above 
and  below  the  local  laser  frequency.  Each  laser  could  be  tuned 
over  a large  number  of  rotational  frequencies  by  adjusting  a 
grating  at  one  end  of  the  laser  cavity.  The  mixing  detector 
was  a high-speed  germanium  photo-conductor  doped  with  copper. 

The  sensitivities  achieved  for  detection  of  various  pollutants 
are  shown  in  Tcible  3-8.  Using  these  sensitivities,  the  authors 
computed  that  the  minimum  detectable  concentration  of  0^  would  be 
2 ppb  under  an  inversion  layer  at  a 1-km  altitude,  and  that  a 
downward- looking  heterodyne  radiometer  in  a space  craft  could 
monitor  absorption  lines  of  various  gases  by  their  absorption 
lines  in  the  earth's  300°K  blackbody  spectrum.  An  analysis  of 
the  potential  degrading  effects  of  air  turbulence  indicates 
that,  for  radiometers  operating  above  5 microns,  the  collecting 
aperture  at  the  satellite  can  be  made  as  large  as  a 1-meter  diameter. 

3.2.12  Experiment  No.  11  [Ref.  3-20] 

An  infrared  heterodyne  spectrometer  using  semi-tuneable  semicon- 
ductor diode  lasers  was  used  at  about  8.5  microns  to  measure 
laboratory  spectral  profiles  of  N2O  and  to  measure  thermal  emission 
from  Mars  and  the  Moon  from  the  ground.  These  measurements  were 
made  using  a 30-inch  telescope  to  concentrate  the  infrared  emissions. 
The  collected  infrared  emissions  are  mixed  with  the  output  of  a 
local  source,  namely  the  semiconductor  diode  laser  emission, 
and  the  mixed  signal  is  detected  at  the  difference  frequency, 
called  the  intermediate  frequency.  Tne  limiting  spectral  resolu- 
tion is  set  by  the  spread  in  the  local  semiconductor  diode  laser 
frequency,  which  can  be  less  than  100  kilocycles/sec.  Thus 

g 

spectral  resolutions  exceeding  1/10  are  possible.  This  high 
potential  resolution  makes  possible  assessment  of  atomic  and 
molecular  species  in  remote  sources  at  l^w  densities  and  low 
temperatures.  Figure  3-23  shows  laboratory  measurements  of  the 
N2O  absorption  line,  and  ground-based  measurements  of  Mars  and  the 
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Table  3-8.  Experimental  Sensitivities  to  Pollutant  Gases.  The  Gases 
Were  at  298  K,  Except  for  NO,  Which  Was  at  390°K.  The  Band  Desig- 
nations I and  II  Refer  to  the  Upper  and  Lower  of  the  Two  Mixed 

(10°0,  02°0)  States 
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Figure  3-28c.  Heterodyne  Signals  at  8.5  ym  from  the  Moon  and  Mars.  The 
Signal  in  Each  Channel  is  Represented  by  a Bar  with  a Height  Proportional 
to  the  Net  Flux  Received  from  the  Source 


Moon  at  8.5  microns.  Diode  lasers  emitting  at  5-34  microns  are 
commercially  available  from  Arthur  D.  Little,  Inc.,  having 
continuous  tuning  over  30  kilomegacycles  at  8.5  microns.  The 
quantum  efficiency  of  the  photodiode  detector  was  between  2 
auid  6.5  percent.  Hence,  considerable  improvement  in  detection 
efficiency  is  possible  and  should  be  limited  only  by  quantum 
noise  in  the  diode.  This  experiment  used  a PbSe  semiconductor 
diode  laser,  and  a HgCdTe  photodiode  as  a photomixer  and  an 
8-channel  filter  bank  as  receiver.  The  signal  from  the  source 
was  fed  into  the  photomixer  alternately  with  a calibration 
signal  from  a blackbody  using  a vibrating  chopper. 

3.2.13  Experiment  No.  12  [Ref.  3-21] 

Experiments  pioneered  by  Alistair  Gebbie  at  the  National  Physical 
Laboratory  on  millimeter  wave  detection  of  pollutant  gases  used  a 
Cassegrain  telescope  mirror,  that  was  small  enough  to  fit  in  a 
suitcase  and  which  focussed  radiation  onto  a Michelson  interferometer. 
The  detector  was  a bolometer  at  room  temperature.  Resolutions  of 
about  0.2  cm~^  were  obtained.  The  interferometric  record  was 
put  through  a Fourier  transform  to  obtain  the  spectrum  of 
amplitude  against  frequency.  Since  then,  these  experiments  have 
been  much  improved  using  InSb  bolometers  cooled  to  liquid 
helium  temperatures.  Spectra  have  been  recorded  from  300  to  3000 
microns  with  a sensitivity  as  low  as  0.067  cm  The  instrument 
has  been  used  for  sideways  viewing  of  atmospheric  emission  at 
airplane  altitudes  in  a Comet  and  in  a Corcorde  002,  and  presum- 
ably in  a down-looking  geometry  would  detect  absorption  lines  of 
the  atmospheric  pollutants  against  the  radiation  of  the  earth's 
surface,  and  against  that  in  the  solar  glitter  from  the  surfaces 
of  bodies  of  water.  Observed  spectra  are  shown  in  Figure  3-29, 
and  listed  in  Table  3-9.  Experimentally  measured  mixing  ratios 
are  shown  in  Table  3-10.  Signal- to-noise  ratios  of  50:1  have 
been  achieved. 
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Table  3-9.  Partial  List  of  Spectral  Line  Assignments 
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Table  3-10.  Experimentally  Measured  Mixing  Ratios 
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3.2.14  Experiment  No.  13  [Ref.  3-22  & 3-23] 


The  balloon-borne,  1/2-meter  grating  spectrometer  with  a liquid 

helium  cooled  Ge;Cu  photodetector  was  used  to  obtain  absorption 

spectra  against  the  setting  sun  as  a source.  Spectral  absorptions 

were  observed  which  have  been  assigned  to  CF-Cl-  at  921  and  923  cm 

-1  ^ ^ 

and  to  CF  Clj  at  847  cm  . These  spectral  features  occur  in  a 
window  of  the  atmosphere  between  minor  absorptions  of  HNO^  and  CO2. 
The  measured  spectra  are  shown  in  Figure  3-30.  By  comparison 
with  the  absorption  coefficients  measured  in  the  laboratory  for 
these  gases,  mixing  volumes  of  5 x 10~^^  and  2 x 10  were 
estimated  respectively  for  the  abundance  of  these  two  pollutants. 
Presumably  in  a down -looking  geometry,  concentrations  of  these 
gases  in  the  lower  troposphere  could  be  measured  to  equivalent 
limits  by  measuring  their  absorptions  of  the  continuous  spectra 
of  ground-based  electrical  lighting  and  the  sun  glitter. 

3.2.15  Conclusions 


We  may  conclude  this  section  by  assuming  that  it  is  assured  that 
2uiy  gaseous  pollutant  which  has  rotational  vibronic  and/or 
electronic  signatures  in  spectral  windows  of  the  atmosphere  may  be 
sensed  remotely  by  the  corresponding  reflectance  of  sunlight  if 
its  concentration  exceeds  0.02  ppm  over  a path  of  1 km.  There 
is  a possibility  to  lower  this  threshold  by  combining  spectroscopes 
simultaneously  observing  several  bands  characteristic  of  a given 
pollutant.  This  technology  has  been  demonstrated  up  to  a 30-km 
altitude  (and  perhaps  has  already  been  demonstrated  up  to  a 30-km 

It 

altitude  and  is  already  in  use  on  satellites)  . The 


See,  for  example,  titles  announced  for  the  International  Conference 
on  Environmental  Sensing  and  Assessment  to  be  held  September  14-19, 
1975,  in  Las  Vegas,  Nevada,  co-sponsored  by  the  World  Health 
Organization,  the  U.S.  Environmental  Protection  Agency,  and 
the  University  of  Nevada. 
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TRANSMIT  TANCt  3 TRANSMISSION 


WAVENUMBER  (cm*') 

Liboratory  absorption  spectra  of  aelected  halogenated  hydrocarbons  in  the  7*0-950 
‘ region. 


sensitivity  may  be  increased  also  by  finding  more  senlsitive 
microwave  and  infrared  detectors  and  more  powerful  reference 
lasers  for  heterodyning. 

Consider  the  molecule,  for  example, 

B 

I 

I 

A P X 

Y 

where  A,  B,  X,  and  Y are  ligand  groups  such  as  0,  OH,  F,  S,  SH, 

Cl,  CN,  CO,  NH2»  ^n^2n+l'  ^ where  R is  a hydrocarbon  ligand, 

etc.  To  determine  the  presence  of  this  molecule  in  the  low 
troposphere  from  satellite  altitudes,  one  could  construct  masks 
in  the  spectrograph  to  fit  the  vibration  spectra  of  two  or  more 
of  these  ligands,  and  construct  two  or  more  masks  for  vibration 
spectra  of  the  bonds  between  P and  the  ligand  groups.  In  this  way, 
assessment  of  a particular  polyatomic  molecule  could  be  obtained, 
at  concentrations  of  down  to  0.02  ppm.  Heterodyning  technologies 
where  several  characteristic  molecular  frequencies  are  combined 
with  several  reference  laser  frequencies  have  been  proven  as  workable 
possibilities.  It  seems  possible  that  the  minimum  concentration 
of  assessment  can  be  lowered. 

Furthermore,  the  reflectance  technique  is  practical  for  assay 
of  oils  on  surfaces  of  waters  and  of  pollutants  in  waters  and  for 
assay  on  the  surface  of  the  earth  such  as  slag  piles,  mine  tailings, 
ore  piles,  and  the  like. 
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3.3  EXCITATION  OF  VISIBLE  AND  INFRARED  EMISSION  AND  ABSORPTION  BY 
GROUND-BASED  SOURCES  SUCH  AS  FIRE,  LIGHTNING,  ARTIFICIAL 
ELECTRIC  LIGHT,  AND  SUN  GLITTER  ON  OCEANS,  LAKES,  RIVERS  AND 
HARBORS 


Ground-based  sources  which  are  capable  of  causing  emission  and 
absorption  of  electronic-  and  near-infrared  transitions  offer  a 
gratuitous  methodology  of  remote  assessment  of  tropospheric  gases, 
as  follows: 

Fo’"2st  fires  and  urbem  fires  including  flare-offs  of  gases  from 
oil  wells  and  refineries  can  excite  atomic  and  molecular  emissions 
which  are  lines  and  bands  in  the  visible  and  infrared,  and  can 
produce  a visible  infrared  continuum  against  which  absorption  bands 
of  gaseous  molecules  and  their  ligands  may  be  observed.  The 
same  is  true  of  concentrations  of  electric  lights,  such  as  those 
that  characterize  cities,  highways,  and  airports  at  night.  Some 
kinds  of  artificial  lights  emit  lines  (Ne,  Na,  Hg,  etc.)  as  well 
as  continua,  but  usually  these  lines  are  no  hindrance  (such  lines 
are  a common  phenomenon  in  photographic  exposures  with  astronomical 
telescopes,  the  radiation  being  scattered  into  the  telescope 
by  the  atmosphere) . 

The  sun  glitter,  by  specular  reflection  on  bodies  of  water,  is  a 
well-known  phenomenon  in  the  astronauts'  photographs  of  the 
surface  of  the  earth.  See,  for  example.  Specular  Reflections 
of  the  Sun,  This  Island  Earth,  NASA  SP-250  (1970),  Washington, 

D.C.,  pp.  42-45,  49,  52,  54,  57  and  58;  Earth  Photographs  from 
Gemini  III,  IV  and  V,  NASA-SP-129,  Washington,  D.C.  (1967), 
pp.  33,  34,  45  and  216. 

The  glittering  spot  enlarges  as  the  wind  waves  enlarge. 

The  spot  is  almost  as  bright  as  the  sun  and  reflects  all  wave- 
lengths able  to  come  through  the  windows  of  the  atmosphere.  Thus, 
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measurements  made  with  a spectrograph  having  its  slit  pointed  at 
the  glitter  (or  at  the  source  of  artificial  light)  and  extending 
beyond  the  image  of  the  source  will  show  the  spectrum  of  the 
source  at  the  center  of  the  photographic  plate,  overlain  by 
absorption  bands  of  pollutants,  while  the  images  of  the  extensions 
of  the  slit  into  the  dark  regions  on  each  side  of  the  light  source 
might  show  the  spectr\im  of  emission  lines  emd  bands  of  excited 
atomic  and  molecular  pollutant  species.  See  Figure  3-31. 


Figure  3-31.  Spectra  Observed  with  Spectograph  Slit  Laid  Across  Sun's 
Glitter  into  Regions  of  Little  Reflection  from  Earth's  Surface 


If  the  source  is  the  sun's  glitter,  there  will  also  be  Frauenhofer 

absorption  lines.  These  are  well  known  and  therefore  can  be 

* 

corrected.  An  orbiting  satellite  will  have  frequent 
opportunities  to  measure  spectra  excited  by  the  sun  glitter.  The 
sensitivity  of  detection  can  be  enormously  increased  by  replacing 
photographic  flim  with  photomultipliers.  Only  about  3 photons 


* 

Actually,  in  the  solar  light  reflected  from  the  ground,  the 
Frauenhofer  absorption  lines  are  to  a large  extent  filled  in 
by  Raman  scattering  [Ref.  3-23]. 
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are  needed  to  produce  a count  in  a photomultiplier  whereas 
sufficient  blackening  of  film  to  produce  a line  (compared  with 
r«dom  black  spots  in  the  film)  requires  a much  larger  photon 


EXCITATION  BY  TROPOSPHERIC  LIGHTNING 
Experiment  No.  14  [Ref.  3-241 


A slitless  spectrograph  has  been  used  in  Tucson  since  1960  to 
study  the  spectra  of  lightning  flashes.  Being  slitless,  the 
image  of  the  stroke  is  depicted  on  the  film  in  a wide  range  of 
wavelengths.  Also,  absorption  bands  appear  in  the  continuum 
ight  of  the  stroke.  The  spectrograph  has  an  aperture  of  8 cm, 
a focal  length  of  61  cm,  and  a dispersion  of  25  A/mm.  Spectra 
have  been  obtained  in  the  near  ultraviolet,  visible,  and  infrared, 
from  4000  A to  9500  A.  Photographs  have  been  made  using  a fixed 
iilm  holder  so  that  integrated  spectra  are  obtained  for  several 
strokes,  and  using  a rotating  drum  for  study  of  single  strokes. 
c.raission  lines  and  ‘absorption  bands  observed  are  listed  in 
Table  3-11.  Reproductions  of  some  of  the  infrared  spectral 
features  are  shown  in  Figures  3-32  and  3-33.  in  emission,  lines 
were  ootained  only  from  neutral  atoms  such  as  nitrogen,  oxygen, 
argon,  carbon,  and  hydrogen.  No  molecular  bands  were  observed 
in  emission,  but  Oj  and  H^O  bands  were  observed  in  absorption  of 
.ne  continuum  light  of  the  stroke.  The  emission  lines  of  the 
neutral  atoms  come  even  from  levels  close  to  the  ionization 
potential.  .Multiple  discrete  lines  of  01  are  emitted  from  upper 
excitation  levels  above  the  ionization  potential  of  01. 


^•4.2  E^xperiment  No.  15  [Ref.  3-251 


A larger  slitless  spectrograph,  focal  length  122  cm,  aperture 
20  cm,  and  dispersion  12  X/mm  gave  new  information,  for  example 
Absorption  bands  of  water  vapor  near  the  center  of  H alpha  and 
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Table  3-11.  Lines  Identified  in  the  Slitless  Spectrum  of  Lightning 

from  6563  to  8820  A 


A 

Source 

Mulliplei  No. 

it  UEP(eV)  Remtrks 

6562.8 

H 

(1)  12.0 

V.  broid 

6610.6 

Nil 

(31)  23.4 

sharp 

6645.0 

NI 

(20)  13.6 

dilTuse  , 

6053.4 

NI 

(20)  13.6 

diffuse 

' 6723.1 

NI 

(31)  13.6 

diffuse 

6726.4 

01 

(2)  10.9 

diffuse;  2 lines  withiaO.2  A 

6861 

0, 

absorption  band 

7156.8 

01 

(38)  14.4 

single  line.  UEP  is  0.8  eV  above 
ionization  potential  of  01.  See 
also  01  (34).  (35).  (37).  (55). 

7423.6 

NI 

(3)  11.9 

7442.3 

NI 

(3)  11.9 

7468.3 

NI 

(3)11.9  blendswith 

0 I (55). 

7476 

01 

(55)  15.7 

central  2 (or  6 lines  within  9.3  A 

7503.7 

Ar  I 

(8)  13.4 

7593 

0» 

absorption  band 

7723.8 

Ar  1 

(1)  13.1 

7772.0 

01 

(1)  10.71 

usually  show 

7774.2 

01 

(I)  10.7 1 

as  a close 

7775.4 

01 

(1)  IO.7J 

pair. 

7939.5 

01 

(35)  14.0' 

7943.2 

01 

(35)  14.0 

blend  of  6 components  resolved 

7947.2 

01 

(35)  14.0. 

as  two  lines  in  spectrum. 

7947.6 

01 

(35)  14.01 

7950.8 

01 

(35)  14.0 

1 blend  of  6 components  resolved 

. 7952.2 

01 

(35)  14,0j 

as  two  lines  in  spectrum 

8014.8 

Ar  I 

(1)  13.0 

8103.7 

Ar  I . 

(3)  13.0 

8115.3 

Ar  1 

(I)  13.0 

8184  8 

NI 

(2)  11.8 

8188.0 

NI 

(2)  '.1.8 

SIOO.j 

NI 

(2)  11.3 

8210.6 

NI 

(2)  11.8 

8216.3 

NI 

a)  11.8 

8223.1 

NI 

(2)  11.8 

Blends  with  0 I (34) 

8228 

01 

(34)  14.0 

Central  2 for  7 Lines  within  1 3.5  A 

8242.3 

NI 

(2)  11.8 

8264.5 

Arl 

(5)  13.3 

8403.2 

At  [ 

(8)  13.2 

8424.6 

Arl 

(3)  13.0 

8446.6 

01 

(4)  10.9 

Central  2 for  3 Lines  within  0.4  A 

8521.4 

Ar  1 

(8)  13.2 

8567.7 

NI 

(8)  12.1, 

«4<»4n 

N I 

(81  12  ll 

Completely  resolved  multiolet 

8029.2 

NI 

(8)  12.11 

with  no  blends 

8655.9 

NI 

(8)  12.l> 

8680.2 

NI 

(1)  11.7 

/ 

8683.4 

N 1 

(1)  11.7 

8686.1 

NI 

(1)  11.7 

8703.2 

NI 

(1)  l’  .7 

8711.7 

NI 

(1)  11.7 

8718.8 

NI 

(1)  11.7 

8728.9 

NI 

(1)  11.7 

8747.4 

NI 

(1)  11  7 

8820.4 

01 

(37)  14.1 

Single  line 
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Figure  3-32a.  Region  of  H-alpha--£nlargement  of 
Negative  from  0.6  meter  Spectrograph 
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Figure  3-32b.  Region  of  7423  A to  7774  A— 
Broadened  NI  and  01  Lines 
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Figure  3-32c.  Absorption  Bands 
Due  to  O2  in  Air-Path 
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Figure  3-32d.  NI  and  01  Multi  pi ets. 
from  7947  A to  Region  of  8683  A 
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Figure  3-32e.  A Slitless  Spectrum  of  Lightning  in  Near  Infrared 
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Fivjure  3-33d.  Isodensity  Tracing  of  H-Alpha 
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in  its  wings,  and  more  absorption  bands  between  the  absorption  bands 
of  ©2  at  6868  and  7593  A.  The  emission  lines  are  broadened  by  Stark 
effect  in  the  strong  electric  fields  of  the  strokes  so  that  theoreti- 
cal dispersions  are  not  obtained.  Con^)arison  of  relative  intensities 
of  emission  lines  of  multiplets  allows  the  temperature  of  the  lightning 
strokes  to  be  determined  as  24,000  to  300,000°K.  Salvane  is  developing 
the  use  of  a slitless  spectrograph  at  3000  to  3300  A [3-24]. 

3.4.3  Experiment  No.  16  [Ref.  3-26] 

Orville  uses  a slitless  spectrograph  with  a moving  high  speed 

streak  camera.  The  focal  length  is  20  cm,  and  the  dispersion  is  72  A/mm 

The  writing  rate  of  0.12  nm/usec  produces  a 4-ysec  time  resolution. 

In  this  way,  it  is  observed  that  singly  ionized  Nil  emissions  emit 
first  within  10  usee  followed  by  an  emission  of  a continuum,  which 
in  turn  is  followed  by  neutral  emission  of  0,  C,  N cmd  especially 
H as  shown  by  the  streak  spectra  in  Figure  3-34.  The  stroke  tempera- 
ture vs  time  is  found  to  decay  from  '•36,000°K  with  a half-life  of 

18  3 

about  20  usee.  The.  electron  densities  are  -lO  /cm  in  the  first 

17  3 

0 usee  decreasing  to  10  /cm  at  25  usee.  Electron  densities  may 
be  much  higher  at  times  less  than  '5  usee.  Pressures  in  the  stroke 
at  5 sec  are  about  10  times  atmospheric,  and  densities  are 
correspondingly  increased  about  a factor  of  10  (see  Figure  3-34). 

(N.B.  , although  NIII  emissions  are  predicted,  they  had  not  yet  been 
observed  in  Experiment  16.) 

3.4.4  Summary 

One  notes  that  neutral  emission  lines  of  argon  are  excited  in 
lightning  strokes.  Argon  is  present  to  about  1 percent  by  volume 
in  air.  Whe  metal  reprocessing  plants  for  nuclear  fuels  are 
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the  Persistence  of  Several  Lines  Emissions  Streaked  in  Time.  The  Time  Resolution 

is  5 Sec.  Singly  Ionized  Atoms  Emit  First,  Fol- 
lowed by  the  Continuum  Radiation,  which  In  Turn 
is  Followed  by  the  Neutral  Emissions  (H-Alpha) 


active,  their  stack  gases  contain  several  percent  of  krypton, 
xenon,  bromine  and  iodine.  In  principle,  lightning  storms  far 
downwind  of  the  stacks  might  excite  observable  emission  of  the 
neutral  emd  singly  ionized  states  of  these  atoms  and  hence  allow 
their  presence  to  be  detected  by  remote  assessment  in  the  visible 
and  near  infrared.  Measuremetits  on  atmospheric  spectra  stimulated 
by  lightning  should  be  carried  out  near  industrial  centers  in  order 
to  determine  if  interesting  pollutants  may  be  assessed  remotely 
this  way. 
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SECTION  4.  METHODS  OF  ASSESSMENT  BY  ACTIVE  METHODS: 

SUCCESSFUL  EXPERIMENTS 

4.1  ACTIVE  PROBING  AT  AIRPLANE  AND  SATELLITE  ALTITUDES 


There  have  been  several  active  measuring  devices  used  at 
airplane  and  satellites  altitudes.  The  importance  of  many  of 
the  following  experiments  lies  in  the  fact  that  the  surface  of 
the  earth  has  routinely  been  being  probed  by  artificial  electro- 
magnetic radiations  produced  at  satellite  altitudes  and  beamed 
at  the  ground.  Experiments  1 through  4 assess  quantities  other 
than  gases. 

4.1.1  Experiment  No.  1 

Skylab  carries  a 13.9-GHz  radiometer/scatterometer  and  a 13.9-GHz 
radar  altimeter  (X  — 2 cm)  plus  its  transmitter.  All  satellites 
use  data  transmission  capabilities;  e.g.,  ERTS  A and  B use  20 
Megacycle  data  transmission  [4-1]. 

4.1.2  Experiment  No.  2 

An  active  microwave  radar  at  16.5  GHz,  sidelooking,  and  two 
scatterometers  at  400  MHz  and  13.3  GHz,  borne  on  a Lockheed 
NP-3A-Orion  [4-1] . 

4.1.3  Experiment  No.  3 

An  active  13.3-GHz  microwave  scatterometer  borne  on  a Lockheed 
Hercules  (NC-130B)  [4-1]. 

4.1.4  Experiment  No.  4 

An  active  radar  altimeter  borne  on  an  RB-57A.  These  latter  experi 
ments  have  been  tested  over  the  U.S.,  Gulf  of  Mejxico,  Caribbean, 
Atlantic,  Mexico,  Brazil,  Argentina,  and  Peru  [4-1]. 
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4.1.5  Experiment  No.  5 


The  polar  orbiting  Alouette  satellites,  which  have  been  in  orbit 
since  1965  have  been  regularly  irradiating  the  earth's  atmosphere 
with  pulses  ot  0.2  to  14.5  Me,  at  300  W [4-2],  see  Subsection  3.1. 

4.1.6  Experiment  No.  6 

A neon  laser  (5401  A ± 0.01  A)  was  airborne  on  a Turbo-Commcurider 
aircraft  flying  at  ~500  ft  above  Lake  Ontario.  Peak  pulse  power 
of  the  laser  was  30  kV,  at  pulsewidth'  3 nsec,  at  100  pulses/sec. 
Time  of  flight  of  return  of  the  laser  pulse  reflected  back  to  the 
aircraft  was  measured  to  determine  the  depth  of  the  layer  of 
water  which  was  scattering  the  laser  light.  In  clear  water,  this 
laser  light  probes  to  a depth  of  120  ft,  whereas  in  turbid  water, 
the  effective  depth  may  be  reduced  to  about  30  ft.  The  time  of 
return  by  reflection  from  the  bottom  can  be  measured  if  the  water 
is  not  too  deep.  Signal-to-noise  ratios  of  100  were  obtained 
at  an  '--l-km  altitude  [4-3]. 

4.1.7  Experiment  Wo.  7 

Routine  irradiation  of  Eastern  Europe,  Russia,  China  and  India 
by  over-the-horizon,  Doppler-shifted  ionosonde  transmission  at 
about  20  .Me,  see  Appendix  A,  at  about  a 300-kW  power.  The  trans- 
mitters are  tunable  to  optimize  reception. 

4.1.8  Experiment  No.  8 

Routine  irradiation  of  world  countries  by  amateur  radio  trans- 
mitters, communication  satellite  transmitters,  navigational  and 
aircraft  transmitters,  airplane  and  fixed  radars,  submarine  to 
shore  transmitters,  The  Voice  of  America,  microwave  transmitters, 
ICBM  radars,  communications  satellites,  etc. 
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4.1.9  Experiment  No.  9 


A very  large  (geographically  and  energetically)  Doppler-shifted 
backscatter  experiment  was  conducted  at  Jicaroarca,  near  Lima,  Peru, 
[4-4],  for  many  years  by  the  Bureau  of  Standards  at  Boulder, 

Colorado.  The  frequencies  used  were  —40  and  ~80  Me,  at  powers 
of  several  hundred  kilowatts.  The  purpose  was  to  study  movements 
of  plasma  layers  of  the  ionosphere.  Lima  is  at  about  zero  degrees 
magnetic  latitude,  so  the  reflected  electromagnetic  signal  comes 
directly  back  down  to  the  laboratory. 

4.1.10  Experiment  No.  10 

R.  M.  Schotland  [4-5,4-61  has  measured  watei  vapor  concentration 
up  to  a 2.1-km  altitude  usi‘?g  a ground-based  pulsed  ruby  laser  beam 
scattering  backward.  The  laser  wavelength  was  tunable  through 
the  range  6934-6950  &,  delivering  0.5  J pulses  of  a 40-nsec  duration, 
at  a rate  of  one  every  7 sec.  The  beam  divergence  was  about 
5 mrad.  The  lines  of  water  responsible  for  enhanced  backscatter 
are  shown  in  Figure  4-1.  The  detector  was  a photomultiplier. 

The  bandwidth  was  2 megacycles.  The  optical  efficiency  was  0.4. 

The  signal- to-noise  ratio  was  10  at  7 km,  filter  of  4 A half 
width  mounted  in  front  of  the  14  stage  wi ;h  a photomultiplier. 
Presumably  the  signal-to-noise  ratio  can  be  improved  by  better 
thermal  control  of  the  ruby  laser,  the  filter,  and  the  photomulti- 
plier, and  with  a laser  capable  of  more  power  per  pulse.  The 
laser  used  in  this  experiment  had  a spectral  width  —0.1  A and  a 
power  level  greater  than  10^  watts  in  a pulse  of  —100  nsec.  The 
radiance  background  for  the  7000  A region  is  given  as 
2 X 10  watt/cm^/sterad/A  for  night  and  2 x 10  ^ watt/cm^/ 
sterad//.  for  day.  The  signal-to-noise  ratios  for  levels  up  to 

5 km  are  quoted  as  —25  at  night  and  —20  in  the  day.  The 

1/2 

signal-to-noise  ratio  is  expected  to  improve  as  n where  n is 
the  number  of  pulses. 
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4.1.11  Experinvent  No.  11 


A pulsed  N2/Ne  tunable  dye  laser  iOO-kw  peak  power  for  detection 
of  various  kinds  of  chlorophyl  in  water  .'own  to  about  20  meters 
depth  has  been  investigated  in  the  laboratory  and  on  aircraft. 

The  capability  seems  able  to  measure  chlorophyl  down  to  concen- 
trations of  ppb.  Laser  excitation  spectra  for  various  kinds  of 

• 0 

algae  range  from  4200  A to  6750  A,  while  their  fluorescent  spectra 
range  from  5800  to  6850  A.  About  2 percent  of  the  energy  in  the 
laser  pulse  is  reflected  from  the  surface  of  the  water.  With  Ne, 
the  las°r  frequency  is  5401  A.  With  N-,  and  with  a dye  cell 
attached,  the  .^aser  is  tunable  from  4000  to  7000  A.  The  pulse 
width  is  5 to  10  nsec,  and  the  rep'  ition  rate  is  100  to  1000  pps. 
The  fluorescence  spectra  of  the  various  kinds  cf  algae  were 
measured  using  a grating  and  photomultiplier.  The  time  for 
emission  of  fluorescence  was  found  to  be  about  8 nsec,  with 
quantum  yields  of  about  1 percent.  The  signal-to-noise  ratio  was 
about  100  at  a 1-km  altitude  for  the  airplane.  A schematic  cf  the 
time  of  flight  vs  pulse  height  is  shown  in  Figure  4-2,  and  some 
fluorescent  spectra  for  various  algae  species  are  shown  in 
Figures  4-3  and  4-4  [Ref.  4-7] . 

4.1.12  Experiment  No.  12 

The  hydroxyl  radical  (OH)  resonance  fluorescence  in  air  has  been 

e 

detected  by  reflection  of  tunable  laser  radiation  near  2828  A in 

the  ultraviolet.  Concentrations  determined  in  this  way  ranged 
8 3 

from  abont  10  hydroxyl  radicals  per  cm  in  the  daytxme  vo  about 
6 3 

10  per  cm  at  night.  The  hydroxyl  transitions  causing  the 
fluorescence  were  those  for  2tt  -►  The  laser  - ght  was 

derived  from  the  second  harmonic  of  a dye  laser  consisting  of 
rhodamine  dissolved  in  methanol.  The  repetition  rate  was  one 
per  10  sec,  at  about  a 0.5-usec  pulse  width,  6 mJ  per  pulse, 
and  about  a 0.4-cm”^  spectral  width. 
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Figure  4-2.  Schematic  Timing  Diagram  Showing  Laser  Pulse  and 
/arious  Return  Signals 
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Figure  4-3.  FI 
(Circles  are 


uorescent  Spectra  of  Various  Species  of  Algae 
Laser-Generated  Data,  While  the  Solid  Lines 
Were  Obtained  from  the  SPF) 
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Figure  4-4.  Excitation  and  Absorption  Spectra  for 
Various  Algae  Species 
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Fine  tuning  of  the  laser  was  accomplished  using  a grating  for  end 
reflector  in  the  laser  together  with  a Fabry-Perot  etalon.  The 
observed  fluorescently  reflected  spectra  are  shown  in  Figure  4-5. 
The  power  of  the  fluorescent  signal  was  found  to  depend  linearly 
on  the  power  of  the  laser  pulse  [4-8]. 

4.1.13  Experiment  No.  13 

Gibson  and  Thomas  [4-9]  made  measurements  with  a ground-based 
laser,  wavelengths  variable  between  2970  and  3080  A,  between  ground 
level  and  about  20  km.  The  transmitter  consisted  of  a flash-lamp- 
pumped  dye  laser,  tuned  with  Fabry-Perot  e talons , frequency 
doubled  by  an  ammonium  dihydrogen  phosphate  (ADP)  crystal 
oriented  for  critical  phase  matching.  The  receiver  used  a one- 
meter  mirror  with  filters  and  a photomultiplier.  The  data 
represent  firings  on  five  nights  with  between  100  auid  1000 
firings  per  night,  and  are  consistent  with  returns  expected  for 
Rayleigh  scattering  for  a standard  atmosphere.  The  parameters 
of  the  UV  laser  were  about  3000  A tunable  wavelength,  at  0.2  nm 
beamwidth,  1 pulse/sec,  0.2  mJ  per  pulse,  5 msec  pulse  width. 

The  differences  in  attenuation  between  two  different  wavelengths, 
namely  3080  and  3035  A,  were  interpreted  as  caused  by  ozone,  from 
which  interpretation  of  a measure  of  the  ozone  concentration  vs 
height  was  obtained.  Improvements  on  the  technology  and 
methodology  are  anticipated. 

4.1.14  Experiment  No.  14 

Raman  backscatter  from  the  real  atmosphere  has  been  accomplished 
by  various  people  [4-10].  For  example,  D.  Leonard  observed  Raman 
backscatter  from  atmospheric  ni'  rogen,  using  a pulsed  nitrogen 
laser  at  3341  A.  The  Raman  frequency  shift  for  nitrogen  is  2340  cm 
The  Raman  return  occurs,  therefore,  at  3625  A.  Leonard  also 
observed  the  O2  Raman  vibrational  return.  The  laser  was  low 
powered  and  the  range  therefore  was  limited  to  1.2  km. 
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SCATTERED  RADIATION 
(PHOTO  ELECTRONS/400  LASER  SHOTS) 
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Figure  4-5.  Spectrum  of  the  Scattered  Light  Excited  in  Air  by  the 
Incident  Radiation  near  2825.8  A.  The  Peaks  at  2956,  3025,  and 
3151  A Are  Due,  Respectively,  to  the  Spontaneous  Raman 
Scattering  of  Oxygen,  Nitrogen,  and  Water  in  Air 


4-10 


4.1.15  Experiment  No.  15 


J.  Cooney  [4-11]  detected  the  nitrogen  Raman  backscatter  from  the 
real  atmosphere  using  a pulsed  ruby  laser  at  6943  A.  Melfi 
et  al.  [4-12]  used  a frequency-doubled  ruby  laser  to  detect  Raman 
backscatter  of  water  vapor  to  altitudes  of  1.5  km.  Aerosol 
backscatter  does  not  show  up  in  the  Raman  return  because  the  Raman 
backscatter  is  caused  by  gases  only,  so  neither  clo' ds  nor 
other  particulates  interfere  with  observations. 

4.1.16  Experiment  No.  16 

Detection  of  SO2/  CO,  and  CO2  in  stack  gases  has  been  proven  by 
Kobayasi  amd  Iraba  [4-13],  using  a ruby  laser  and  a monochromator 
to  select  the  Raman  backscattered  light. 

Preliminary  results  of  Schwiesow  [4-14  & 4-15]  indicate  that  the 
cross  section  for  Raman  scattering  from  the  CH  stretching  bond 
in  organic  molecules  may  be  20  times  that  of  N2 / large  enough  to 
allow  detection  of  organic  pollutant  films  on  water  surfaces. 

See,  also,  Gross  and  Hyatt  [4-16]. 

4.1.17  Experiment  No.  17 

The  feasibility  of  measuring  water  temperatures  to  depths  of  30  m 
by  remote  observation  of  Raman  backscatter  has  been  demonstrated 
in  the  laboratory  by  Chang  and  Young  [4-17] , using  a dye  laser 
(AVCO  C950)  of  0.3-watt  average  power  and  a monochromator  at  4590  A 

and  a photomultiplier.  The  Raman-shifted  spectrum  of  the  OH 

• A -1 

bond  returns  at  3911  A corresponding  to  = 3450  cm  . The 

polarization  of  the  backscatter  line  is  temperature  dependent  as 
are  the  intensities  at  different  waveJ.cingths . About  10^  photo- 
electrons can  be  collected  in  20  sec  using  a laser  of  0.3-watt 
average  power  carried  on  a helicopter  flying  at  a 50-m  altitude 
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a single  photomultiplier.  At  a 100-mile  altitude,  they  would  be 
decreased  by  U0».  m order  to  receive  10  photons  in  20  sec,  the 
n^er  of  photomultipliers  could  be  increased  so  that  the  area  of 
their  windows  went  up  by  a factor  of  1000  or  the  laser  power 
could  be  increased  or  both.  For  example,  the  average  depth  of  the 
ocean  thermocline  should  be  measurable  from  satellite  altitudes 
by  Raman  backscatter  according  to  the  present  analysis. 

4.2 

Consider  safety  aspects  of  visible  laser  light,  X - 6000  X.  Me 
Choose  a visible  wavelength  because  visible  and  ultraviolet  light 
are  more  dangerous  than  infrared.  The  eye  is  essentially  opaque 
to  radiation  longer  than  14,000  X (because  it  is  made  chiefly 
of  water)  so  that  such  light  is  not  focused  on  the  retina  whereas 
visible  IS.  we  talte  the  square  divergence  of  the  laser  beam 
to  be  10  , as  follows; 


The  tneoretical  square  divergence  is  (D/\R)^ 
where  D is  the  aperture  (~10  cm) , X is  the 
wavelength  (ilo-"),  and  R is  the  distance  (n-lo’’) . 


'divergence  appears  to  be  smaller,  about 

ie";  a'r^"  r ^ --mte-bome  experiment  which 

lent  !o  1 1 ‘>“1-  equiva- 

t to  3 X 10  photons  emitted  per  sec,  on  an  aperture  of  ~1  cm^ 

we  assu«  a target  of  polluting  gases  at  10  ppm  in  an  atmospheric  ' 

The  1 ®'3“ivalent  to  3 x loi®  atoms/cm^ 

The  electric  dipole  scattering  cross  section  is  7 x 10'«  cm^/ 

I fx\7®,  ,r"  resonantly  is  therefore 

(3  X 10  ) (3  X 10  ^ ,7  X 10  =®,/sec  = 6 x loiVsec  per  electron. 


4-12 


In  returning  to  the  satellite,  the  photons  are  diminished  by 
2 -15  2 

1/4  R 10  /cm  so  that  there  are  0.06  photons  received 
2 

per  cm  per  sec,  or  6 photons  received  in  100  sec  for  molecular 
targets  containing  one  electron.  Suppose  there  are  six  identical 
bonds  in  the  target  (e.g.,  six  bonds  of  CH  with  two  electrons 
per  bond) , then  the  number  of  photons  received  at  the  satellite 
is  increased  by  12  times,  etc. 

The  wattage  of  a 1-watt  laser  received  on  the  ground  is  less  than 
10  ^ watt/cm^  or  for  example,  1 joule  per  30  nanosec  focussed  on 
the  retina.  This  is  a million  times  smaller  than  the  level  of 

2 

corneal  irradiation  presently  judged  to  be  safe,  namely  1 watt/ cm 
in  the  visible  [4-19]. 

We  have  used  the  cross  section  for  elastic  scattering  in  the  above 
analysis.  The  magnitude  of  the  cross  section  for  Raman  scattering 
can  be  made  to  approach  that  for  elastic  scattering  if  the  laser 
frequency  is  chosen  to  approach  a resonant  frequency  of  the 
molecule  to  be  detected. 

If  one  were  to  use  laser  probes  at  satellite  altitudes,  it  would 
be  reasonable  to  direct  the  laser  beam  pointed  downward  along  the 
line  connecting  the  satellite  with  the  sun  (on  the  day  side  of 
the  earth)  because  humans  and  animals  do  not  look  at  the  sun 
and  hence  would  not  receive  laser  radiation  in  their  eyes. 

A photomultiplier  gives  a positive  count  with  as  few  as  three 
visible  photons.  Hence,  these  signals  are  detectable.  We  have 
taken  no  account  of  the  effects  of  atmospheric  turbulence  (twinkling) . 
Some  measured  Raman  cross  sections  are  shown  in  Table  4-1  [4-17]. 
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Table  4-1.  Raman-Scattering  Cross  Section 
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4.3  RECENT  DEVELOPMENTS  IN  LASER  TECHNOLOGY 


A sununary  of  progress  in  several  kinds  of  lasers,  their  wavelengths, 
efficiencies,  and  powers  is  shown  in  Tables  4-2  thru  4-5.  Mirror 
sizes  needed  for  efficient  communications  between  the  earth  and 
satellites  in  low  earth  orbit  and  in  geo- synchronous  orbit  are 
shown  in  Table  4-6.  For  detection,  fewer  laser  photons  are 
needed  than  for  communications,  so  the  mirror  sizes  can  be 
smaller. 

4.4  PRESENT  CAPABILITIES  OF  BOLOMETRIC  SENSORS  AND  THEORETICAL 
LIMITS  TO  SENSITIVITIES 


Present  and  projected  radiometric  sensitivities  and  theoretical 
limits  to  sensitivities  are  shown  in  Figures  4-6  and  4-7  [4-20]. 
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Table  4-2.  Characteristics  of  High-Intensity  Lasers  [4-21] 


Lastr  W«va*  Effi*  Peak  Pulse  Laboratory 

Medium  length  c>ency  power  dura- 

(;;)  (W)  tion 


Nd  ; glass  1.06um  0'2  7x10"  I'Sns  Battella,  Columous, 

USA 

4x10"  230  ps  Lawrence 

Livermore,  USA 
10"  1 ni  KMS  Fusion  Inc. 

USA 

2x10"  500  ps  Univ.  (Rochester 
USA 


5x10" 

2 ns 

Lebedev,  .Moscow, 
USSR 

CO, 

10-6  urn 

J-5 

5x10"  1 ns 

Los  Alamos.  USA 

Iodine 

1 -31  urn 

0-5 

10" 

700  ps 

Mas-PlancK-lnst. 
Carching,  Germany 

Hydrogen 

fluoride 

2-7  urn 

180 
(elec- 
trical) 
5 (che- 
mical) 

10" 

35  ns 

Los  Alamos  and 
Sandia.  USA 

□ye 

605  nm 

<10-* 

3x10*  3ps 

Imperial  College 
London 

Xenon 

173  nm 

>2 

4x10*  20  ns 

Los  Alamos  and 
Maiwell  Laos. 

Inc.  USA 
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Table  4-3.  Operating  Characteristics  of  Double-Pulsed 
Metallic  Vapor  Lasers  [4-22] 


Lasant 


Operating  Psramtters 

r.tanganase 

Chtorido 

Lead 

Chloride 

Copper 

Chloride 

Copper 

iodide 

Copper 

Formate 

Butter  gas 

rteai 

He  at 

He  and  Ar 

He  ai 

Heal 

1 -2  torr 

1-2  torr 

at  1 -20  torr 

1-2  lorr 

1-2  lorr 

Tima  delay,*  sec 

ISO 

ISO 

100 

100 

100 

Temperature.  C 

680 

SCO 

400 

575 

135 

Laser  energy  density. 

1.3 

4 

3S 

11 

— 

J/cm3 

Laser  peaK  power  density. 

33 

160 

1700 

500 

w/cm3 

Wavelength,  A 

5341 

7229 

5107 

5107 

5107 

a i-m.-diam.  Vioes. 


T-2  IMPORTANT  m LASERS 


Laser 

Wavelength, 

m 

hf 

ev 

T,=  hir  /k 

Absorbing 

gas 

^diss* 

•V 

CO2 

10  6 

0 11 

1300 

SF5 

313 

CO 

4 7 

0 26 

3000 

CO 

11.1 

HCI 

3 5 

0.35 

4100 

HCI 

4 4 

HF 

2 8 

0 44 

5100 

HF 

5.9 

4- 


4-18 


Table  4-5.  Blue-Green  Laser  Potential 


r 

I 

I 

¥ 
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Table  4-6.  Laser  Transmitter  and  Receiver  Sizes.  For  Low  Earth  Orbit 
(160  km),  and  Geostationary  Orbit  (36,000  km)  and  CO2  00.6  ym) , CO  (5  ym) , 
and  Hypothetical  Visible  Laser  (0.5  ym) . No  Atmospheric  Absorption. 
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Figure  4-6.  Characteristic  Responses  of  Various  Infrared  Detectors 
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SECTION  5.  SUMMARY  AND  RECOMMENDATIONS 


Electromagnetic  signatures  of  gases  and  of  subcomponent  ligands 
in  gaseous  molecules  have  been  itemized.  The  methods  to  compute 
these  signatures  have  been  detailed.  Functioning  successful 
technologies  to  identify  these  signatures  remotely  and  their 
related  hardware  and  sensors  have  been  described  in  the  foregoing 
report. 

Recommendations  to  use  this  information  in  ARPA's  program  for 
remote  assessment  of  materials  are  described  here. 

I.  Implement  remote  assessment  of  materials  of  interest  to  the 
Department  of  Defense  as  follows: 

a.  Obtain  laboratory  absorption  and  emission  spectra, 
including  Raman  spectra  and  ESR,  for  reasonable  column 
densities  of  materials  of  interest  from  the  literature 
or  by  making  such  measurements. 

b.  Computerize  and  compute  composite  spectra  for  various 
appropriate  combinations  of  atmosphere  plus  gases  of 
interest  plus  atmospheric  pollutants,  (or  in  the  case  of 
liquids,  compute  composite  spectra  for  water  plus 
liquids  of  interest  plus  pollutants.  In  the  case  of 
solids,  compute  speccra  for  various  kinds  of  soils 

plus  solids  of  interest  plus  pollutants) . In  this 
terminology,  the  .material  to  be  assessed  is  excluded 
from  the  term  "pollutant." 

c.  From  the  com.puted  composite  spectra,  generate  interfero- 
gra.ms  or  other  outputs  of  the  various  sensors  used  in 
presently  successful  technologies  of  remote  assessment. 


d.  Decide  on  the  frequency  interval  in  which  the  substance 
of  interest  could  be  roost  sensitively  detected  and  by 
which  of  the  several  technologies  already  successful. 

e.  Design  the  equipment  for  measurement  at  satellite 
altitudes  for  telemetry  of  the  measured  information  to 
ground  and/or  for  date  r«sduction. 

Operations  whose  remote  assessment  may  be  important  to  the  DOD 
and  whose  signatures  might  be  relevant  to  the  above  analysis 
include  the  following; 

a.  Explosives  manufacturing:  for  example,  gases  evolved  in 

the  manufacture  and  storage  of  ali^^atic-fluoro-nitro 
high-density  compounds. 

b.  Nuclear  fuel  manufacture,  enrichment,  and  reprocessing; 
gases  evolved  are,  for  example,  SFg,  UFg,  HF,  organic 
solvents  such  as  ether,  NO^,  Kr,  Xe,  l2>  ^^2' 

c.  Manufacture  of  insecticides,  chemical  warfare  gases  and 

conponents,  gases  which  may  be  input  materials  or 
may  be  evolved  in  the  manufacture  of  C<^  gases  and 
insecticides . 

d.  Manufacture  of  propellants,  gases  which  may  be  input 
materials  or  may  be  evolved  in  manufacture,  e.g., 
hydrazine  and  UDMH. 

e.  Emission  of  gases  used  in  high-power  chemical  lasers, 
e.g.,  F^,  CI2,  H2,  .Xe,  Kr,  Ne , A,  HF,  HCl. 


f.  stockpiling  of  ores,  raw  materials,  waste  materials  from 
manufacturing  and  mining  and  refining,  specifically, 
rare  earth  deposits,  tungsten  ores,  asbestos  ores, 
steel  mill  slag,  coal  piles,  cryolite,  platinum  and 
platinum  group  metal  ores. 

g.  Disposal  of  liquid  effluents  from  manufacturing  and 
mining  and  refining,  oils,  trace  chemicals  in  waste 
waters . 

II.  Support  research  and  development  on  gas,  liquid  and  solid 
lasers,  for  high  power,  better  methods  of  cooling.,  greater  variety 
of  lasing  wavelengths,  higher  repetition  rate. 

III.  Improve  bolometer  sensors,  the  sensitivities  of  which  are 
now  far  below  their  theoretical  limits. 

IV.  Analyze  technology  of  heterodyning  to  evaluate  the  sensitivities 
which  may  be  achieved  with  various  kinds  of  reference  frequencies 
and  their  sources,  and  various  kinds  of  sensors  and  filters. 

V.  Update  the  present  report  on  m.ethodology  of  re.mote  assessment 
of  gases  to  include  ’unpublished  new  results,  hardware,  sensors, 
and  technology  successfully  demonstrated  in  the  last  year,  by 
NASA,  CIAP,  ESP.O-ENDO  (European)  , and  Russian  researchers.  For 
example,  t.he  Proceedings  of  the  Fourth  Confererce  on  Climatic 
Impact  Assessment  Program  is  in  proof  for  publication  early  in 
197G;  experiments  of  interest  should  be  abstracted. 

VI.  Support  further  study  of  lightning  spectra  at  cptical , 
microwave  and  decametric  frequencies  from  ground  level  and  balloon 
and  airplane  altitudes,  especially  in  polluted  at.mcspheres , 

near  stack  gas  emissions,  and  near  metal  refineries. 


VII.  Support  study  of  optical  spectra  measured  in  absorption  of 
the  sun's  glitter  and  in  emission  close  to  the  glitter,  as  the 
glitter  is  reflected  from  oceans,  lakes,  harbors,  rivers  and 
ponds,  using  airplanes  and  balloons. 

VIII.  Support  airborne  study  of  optical  spectra  measured  using 
urban  artificial  light  sources,  especially  from  airports  and 
streets. 

IX.  Support  a search  at  airplane  altitudes  for  Raman-shifted 
frequencies  of  radiations  from  ground-based  transmitters. 
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APPENDIX  A 


The  following  article  by  Peter  Laurie  entitled,  "An  Eye  on 
the  Enemy  Over  the  Horizon,"  taken  from  the  New  Scientist, 

7 November  1975,  has  been  reprinted  in  its  entirety  in  this 
appendix. 


Oxford  .'Jess,  the  (£.22  rillicn  experir.-^Ktal  over-the- 
horizon  radar  station  on  the  Suffolk  coast,  'Jas  shut 
do'jn  fjo  years  ago.  Is  OTH  fust  another  expensive 
military  toy?  Or  is  it,  in  fact,  so  effective  t'nat 
the  U.S.  really  -jas  ready  to  intervene  in  •oar-tom 
Cyprus  to  protect  the  oper'aticnal  OTH  szation  there? 


For  those  who  enjoy  dabbling  in  defense  mysteries,  over-the- 
horizon  (OTH)  radar  is  public  enough  for  one  to  know  that  it 
exists,  yet  little  enough  has  been  published  about  it  to  make 
the  subject  intriguing.  The  principle  is  simple  enough  and 
is  fundamentally  the  same  as  microwave  radar  with  which  we  are 
all  familiar.  Instead  of  using  radio  waves  in  the  centimetric 
region,  which  travel  in  almost  straight  lines  and  limit  radar 
ranges  against  aircraft  to  300  miles  or  less,  one  uses  waves 
in  the  high-frequency  band  (HF)  which  are  normally  used  for 
intercontinental  communication.  They  bounce  alternately  off 
the  ionosphere  and  the  Earth's  surface  to  give  ranges  of  several 
thousand  miles.  A powerful,  directional  transmitter  emits 
pulses  01  t.hese  waves  which  are  reflected  by  aircraft  targets 
several  thousand  miles  away  and  which  are  then  detected  in  a 
sensitive  directional  receiver.  T.his  much  is  obvious  and  has 
been  for  decades;  what  has  not  been  sc  obvious  is  how  to  m.ake 
the  system  work. 

There  are  several  snags.  The  first  is  to  secure  good  ionospheric 
refier’-ion  without  too  much  absorption.  Again,  as  in  conmuni- 
catior.  frequency  management,  it  is  necessary  to  tailor  the 
frequency  used  to  the  time  of  day  and  the  sunspot  cycle.  Low 
frequencies  are  necessary  at  night  to  get  reflection,  and  high 
ones  during  the  day  io  avoid  excessive  absorption.  In  practice, 
an  OTH  radar  needs  a secondary,  vertical,  sounding  radar  to 
test  the  ionospheric  weather,  together  with  an  HF  receiver  to 
search  the  band  for  quiet  channels.  The  best  radar  frequency 
is  then  calculated  by  a computer  and  the  transmitters  and 


receivers  adjusted  accordingly — which,  for  installations  as 
powerful  and  complicated  as  these  are,  is  in  itself  quite 
a performance. 

The  second  snag  is  that  signals  of  nterest  arrive  at  the 
receiver  at  extremely  low  vertical  angles.  Aerials  which 
produce  a beam  only  2“  - 4"  above  the  horizontal  are  neces- 
sarily massive  structures  whose  most  important  feature  is  a 
good  conducting  ground  plane  extending  some  3 km  in  the 
forward  direction.  This  can  be,  and  has  been,  done  on  land 
by  laying  vast  areas  of  wire  mesh,  but  it  is  much  easier  to 
use  the  sea,  and  the  majority  of  OTH  are  to  be  found  on  the 
coast.  Together  with  a need  for  low-angle  radiation  goes  the 
necessity  of  a narrow  beam  in  the  horizontal  plane — this 
improves  the  signal-to-noise  ratio  and  gives  better  discrimin- 
ation between  targets.  To  produce  a beam  1“  in  the  HF  region, 
an  aerial  array  about  1.5  km  wide  is  needed. 

Already  the  difficulties  seem  staggering,  but  worse  is  to  come. 
The  majority  of  the  returned  signals  will  be  from  ground  and 
sea:  a 50  kW  OTH  radar  at  th^**  Appleton  Laboratory  at  Slough, 
where  much  of  the  early  theoretical  work  was  done,  showed 
about  1 mV  signals  on  the  aerial  from  ground  clutter,  while 
returns  from  aircraft  were  p.-^aicted  as  one  hundredth  of  this 
voltage.  Happily,  picking  these  out  is  not  as  difficult  as 
it  might  seem,  for  if  HF  radars  are  imprecise  about  distance 
and  bearing,  they  are  acceptably  accurate  when  used  to  detect 
radial  motion  through  Doppler  shifting  of  the  returned  echo. 

At  20  MHz,  it  is  possible  to  resolve  a 1.5-knot  difference 
in  target  speeds,  while  ground  and  sea  clutter  is  easily 
filtered  out. 

Ranging  is  not  so  good.  Since  the  signal  is  busy  bouncing 
off  the  ionosphere  for  the  first  1000  km  out  from  the  trans- 
mitter or  receiver,  no  echoes  can  be  returned  from  this 
region.  Range  resolution  is  apt  to  be  20-40  km  and,  relative 
to  a known  target,  an  accuracy  of  2-4  km  can  be  achieved. 

This;  is  for  signals  on  the  first  bounce--that  is,  out  to  a 
distance  of  4000  km.  'signals  that  have  arrived  by  two  bounces 
will  show  worse  resolutions. 

Bouncing  Off  the  Sky 

The  real  difficulty  in  making  these  devices  operational, 
however,  has  been  in  u.nderstanding  the  mechanics  of  the 
bounce  off  the  ionosphere.  This  layer  is  rhe  interface 
between  two  fluid  layers  and  is  disturbed  as  the  surface  of 
the  sea.  One  can  see  the  lower  manifestations  of  ionospheric 
waves  in  the  occansional  bands  of  high  cloud  that  look  like 


breakers.  These  waves,  together  with  more  random  swirls  and 
twists,  distort  the  returned  echoes  like  mirrors  in  a fun-fair. 
Professor  E.  D.  R.  Shearman  of  Birmingham  University,  who 
uses  an  ingenious  aperture  synthesis  technique  to  apply  OTK 
radar  to  the  study  of  sea  waves  far  out  in  the  ocean,  likens 
the  result  to  the  "undulating,  warped  view  we  see  of  the 
bottom  of  a swimming  pool  when  looking  down  at  it  through  the 
rippled  water  surface"  [Spectrum,  No.  67,  1969]. 

What  has  made  OTH  radar  a useful  tool,  both  for  the  military 
and  for  oceanographic  and  ionospheric  studies,  is  real-time 
computer  processing  cf  the  echoes  using  the  distorted  pre- 
Doppler  filtered  ground  returns  as  a guide  to  the  state  of 
the  ionosphere,  so  that  appropriate  corrections  can  be  applied 
to  active  targets.  (Interestingly  enough,  the  same  problem 
occurs  in  processing  the  returns  from  the  huce  low-frequency 
sonars  that  survey  equally  vast  areas  of  ocean  for  submarines, 
and  for  the  same  reason — that  is,  waves  on  the  sea  surface.) 

One  ionospheric  disturbance  that,  it  seems,  no  amount  of 
computer  processing  can  correct  is  w'-.en  the  ionosphere  is 
punched  in  by  blasts  of  electrons  from  the  Sun  to  form  aurorae. 
So  OTH  radar  paths  ought  really  to  avoid  latitudes  higher 
than  60°. 

The  first  thorough  description  of  an  OTH  radar  with  military 
potential  appeared  a few  months  ago  (J.  l.  Hendrick  and 
M.  I.  Skolnick,  Proceedings  of  ISE,  June  1974,  ?.  664;.  The 
paper  described  the  U.S.  Navy's  Project  Madr?  radar  at 
Chesapeake  Bay,  Virginia,  which  can  look  south  to  Cape  Canaveral 
to  get  experience  with  returns  frot.,  rockets  and  their  ionized 
wakes  and  across  the  Atlantic  to  follow  commerical  aircraft. 

As  long  ago  as  1961,  it  was  tracking  flights  out  to  4000  km 
with  50  kW  of  power.  The  aerial  array  consists  of  a double 
row  of  dipoles  in  90°  corner  reflectors,  and  measures  93  by 
43  meters.  A large,  low-angle  HF  aerial  of  some  interest 
was  built  in  Australia  at  P.ockbank,  20  miles  NW  of  Melbourne, 
in  the  early  1960s.  It  consisted  of  several  slow  wave 
structures  lying  parallel  on  a bearing  of  306°  True,  each 
four  wavelengths  long,  including  the  large  ground  plane. 
Altogether,  the  aerial  used  some  25  miles  of  wire.  It  worked 
at  a fixed  frequency  near  20  MKz  and  could  be  steered  by  phase 


well  in  the  forward  direction  as  backwards  to  the  transmitter. 
Consequently,  OTH  radars  can  be  employed  in  both  forward-  and 
back-scatter  modes.  Thus  near  targets  can  be  examined  by 
having  a receiver  near  a powerful  slewing  transmitter,  and 
far  targets  can  be  studied  by  placing  another  receiver  at  the 
far  end  of  a great  circle  through  the  area  of  interest.  This 
makes  sense  on  economic  grounds  as  well,  since  one  transmitter, 
which  tends  to  be  a heavy  and  expensive  item,  can  cover  twice 
as  much  ground.  A constant  satellite  link  rfould  be  needed  to 
coordinate  frequency  shifts  at  the  receiver  and  transmitter. 

Extrapolating  Madre 

So  far  nothing  much  has  been  published  about  the  military 
applications  of  OTH  radar,  but  we  can  make  some  intelligent 
guesses  by  extrapolating  the  Madre  results.  The  basic  radar 
equation  says  that  if  the  aerial  gain,  noise  conditions, 
target  reflectivity  and  frequency  are  constant,  the  minimum 
transmitter  power  needed  to  produce  a usable  return  varies  as 
the  fourth  power  of  the  range.  One  can  adapt  this  to  the 
forv  '.rd-scatter  mode  by  saying  that  the  transmitter  power  (P) 
is  equal  to  Kdi“^  x d2“^  where  the  target  is  a distance  di 
from  the  transmitter  and  d2  from  the  receiver.  Inserting 
the  .Madre  result  that  50  kW  successfully  illuminated  aircraft 
targets  at  3000  km,  the  constant  turns  out  to  be  6.17  :<  10*^*^ 
when  d is  in  km  and  P in  watts  (Figure  1). 

The  known  OTK  radar  sites  are  Orford  Mess  in  Suffolk,  built 
by  the  A.mericans  and  operated  until  recently  by  joint  British 
and  U.3.  staff;  Cyprus,  built  by  the  British  and  operated  by 
the  A.mericans;  and  Okinawa  which  is  presumably  completely 
A.merican.  Concentrating  on  the  last  two  for  the  moment,  one 
sees  (Figure  2)  that  the  cover  one  might  expect  from  a forward- 
scatter  radar  in  Cyprus  (or  Okinawa,  the  pattern  being  symme- 
trical) would  take  in  many  of  the  areas  in  central  Asia  which 
m.ust  be  of  interest  to  British  and  American  intelligence. 

■.As  well  as  detecting  aircraft  and  missiles,  OTK  also  reveals 
nuclear  bursts,  which  focus  or  diffuse  the  radio  beam, 
producing  unusually  bright  or  dim  echoes  from  ground  about  as 
far  away  again. ) One  of  the  areas  "visable"  would  certainly 
be  Tyuratam.,  the  Soviet  Union's  main  rocket  launching  station; 
others  would  include  the  Kara  Mum  desert  and  the  Semipalatinsk 
regions  where  the  P.ussians  are  reported  to  have  tested  nuclear 
weapons,  the  Sary  Shaqan  AB.M  development  ce.nter,  the  Tarim 
desert  where  the  Chinese  are  reported  to  t t missiles,  as 
well  as  their  Icp  ).’cr  nuclear  proving  groUi.w.  Lop  Mor  lies 
e.xactly  on  the  great  circle  joining  Cyprus  to  Okinawa. 
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A back-scatter  radar  in  Cyprus  running  only  at  33  kW  (many 
ordinary  broadcasting  stations  run  at  higher  powers  than  this) 
would  just  illuTiinate  Tyuratam,  while  a transmitter  broad- 
casting with  a power  of  300  kW  would  nominally  cover  the  whole 
areas  in  Figure  2;  in  practice  about  four  times  as  much  power 
would  be  needed  to  allow  for  absorption  on  the  second  bounce. 
(The  coverage  for  200  kW  is  shown  to  illustrate  how  much  more 
rapidly  forward-scatter  coverage  incre:ses  with  power  than  one 
would  expect  from  the  fourth  law  for  back-scatter  radars.) 

No  doubt  the  victum  of  OTH  intelligence  cover  would  like  to 
take  steps  to  stop  it  by  jamming  the  receiver.  Although  a 
relatively  low-powered  transmitter  in  the  receiver's  beam 
working  at  the  right  frequency  would  obliterate  target  returns 
to  do  this  operationally  might  be  difficult.  It  would  perhaps 
be  possible  to  shield  a particular  site  from  a particular 
receiver  by  putting  a jammer  between  them,  but  the  problem  of 
tracking  and  imitating  the  radar  frequency  would  remain.  The 
intruders  would  any  way  be  able  to  re-site  the  ret;eiver, 
which  is  not  a very  expensive  itr-:,  particularly  :f  it  only 
had  to  watch  in  one  direction. 

Although  the  Cyprus-Okinawa  path  gathers  in  a rich  harvest 
of  sites,  doubtless  the  Americans  and  British  would  like  to 
watch  the  other  areas — particularly  Russia's  northern  rocket- 
launching site  at  Plesetsk,  near  Archangel,  and  their  northe.rn 
nuclear  testing  ground  in  Novaya  Zemblaya.  It  is  significant 
that  Orford  Ness  lies  very  close  to  the  great  circle  through 
Plesetsk  and  Okinawa.  We  were  told  when  it  started  operating 
that  Orford  Ness  was  for  the  study  of  HF  propagation  in  high 
latitudes  through  aurorae.  One  can  now  see  that  this  was 
perfectly  true,  though  the  Ministry  of  Defense  was  careful 
noc  to  say  why  they  should  wish  to  spend  so  much  to  learn 
about  this  recondite  subject.  One  must  assume  that  the 
experiments  were  a failure,  since  the  station  was  closed  down 
in  1*572  2fter  a year's  operation.  It  may  be  a coincidence, 
but  Orford  Ness  lines  up  with  Tyuratam  and  a point  on  the 
north-west  Australian  coast  not  far  from  the  U.S.  Navy's 

controversia]  station  at  North  West  Cape  for  controlling 

Polaris  submarines.  It  is  possible  that  there  is,  or  was, 
an  OTH  receiver  there  also.  Or,  again,  it  may  have  been 
intended  to  work  with  the  Australian  Army's  low-angle  array 
at  Rockbank.  But  since  the  path  would  have  been  14,000  km  or 
more  and  the  power  demanded  at  least  1.2  MW,  one  must  assume 
that  the  returns  were  too  weak  to  be  useful. 

However,  the  Orford  Ness  array  is  of  some  interest,  since  it 
is  the  only  known  military  site  to  have  been  photographed  in 

enough  detail  to  make  some  guesses  about  the  design  (Figure  3) 


Orford  Ness  OTH  Array  on  the  Suffolk  Coast  Consists  of  150  Fan  of  18  Aerials, 
, with  an  Axis  Bearing  60°  True.  The  Great  Circle  from  Orford  Ness  to  Okinawa 
Passes  through  the  Plesetsk  Rocket  Range  in  Northern  Russia 


It  consists  of  a fan  of  13  aerials,  8®41'  apart,  spread  over 
150®  whose  axis  bears  60®  True.  Each  aerial  consists  of  a 
wire  about  430  meters  long  supported  on  a row  of  poles:  those 

farthest  from  the  sea  are  60  meters  high,  tapering  to  13  meters 
at  the  center  of  the  fan.  It  rather  looks  as  though  the  aerials 
were  meant  to  work  in  pairs  to  act  as  a front  half  of  a rhombic 
array.  This  gives  a nonresonant  aerial  with  high  gain  and  a 
sharply  directional  beam.  For  instance,  at  40  MHz  the  two 
wires  of  a V aerial  this  long  need  to  be  at  15®  to  each  other. 
This  would  mean  selecting  wires  that  straddle  the  desired 
heading.  The  V so  formed  would  need  to  be  terminated  in  a 
resistance  of  about  430  ohms.  And  presumably  this  is  what 
the  metallic  mushrooms  are  in  the  foreground  (they  would 
certainly  have  to  be  massive,  for  at  full  power  some  500  kW 
would  be  dissipated  in  them) . The  downward  slope  towards  the 
sea  would  presumably  aid  low-angle  propagation.  In  the  hori- 
zontal plane,  one  might  expect  a beam  width  of  5®30*.  At  the 
lowest  frequency  of  operation,  6 MHz,  the  beam  width  would  be 
about  26®.  When  the  transmitter  was  operating,  everyone  had 
to  be  cleared  from  the  site  lest  their  eyes  be  cooked. 

If  this  interpretation  is  correct,  Orford  Ness  is  an  odd 
design  and  one  not  usually  used  for  transmitters,  since  so 
much  energy  is  dissipated  in  the  terminating  resistors. 

However,  there  may  be  other  economic  tradeoffs  that  are  not 
immediately  apparent.  For  instance,  the  structure  cf  the 
masts  is  reported  to  be  most  unusual,  being  made  of  concrete 
or  earthenware  drain  pipes  cemented  together.  No  doubt  this 
is  to  avoid  eddy  current  losses  in  metal  masts,  and  perhaps 
the  guy  wires  are  formed  from  terylene.  (ICI  breifly  marketed 
a synthetic  non-stretch  rope  for  staying  aerial  masts;  it  was 
also  offered  as  shrouds  for  yachts  but  failed  to  perform  well, 
and  is  no  longer  available.) 

Having  said  all  this,  which  may  be  of  some  interest  to  the 
radar  specialist,  what  is  the  layman  to  make  of  it  all?  First, 
one  must  deplore  the  secrecv  with  which  even  the  existence  of 
OTH  radars  is  surrounded.  It  is  naive  to  suppose  that  the 
Rujsians  and  Chinese  have  not  noticed  torrents  of  HF  energy 
pouring  across  their  most  secret  military  installations, 
especially  since  the  Soviet  Union  seems  to  have  had  an  early 
lead  in  the  technique..  Indeed,  anyone  anywhere  in  the  world 
with  an  ordinary  communications  receiver  could  detect  emissions 
from  these  stations.  But  it  is  a good  thing  that  the  Super 
Powers  should  know  as  much  as  possible  about  each  other's 
capabilities,  and  it  is  presumably  useful  that  a small  amount 
of  the  taxpayers'  money  should  be  spent  to  this  end. 


What  one  does  not  know  is  whether  OTH  is  worth  what  it  costs 
(Orford  Ness  came  in  at  about  dC22  million)  or  whether  it  is 
another  expensive  toy  for  the  military;  perhaps  that  is  why 
it  is  still  secret.  On  the  other  hand,  perhaps  it  works  very 
well,  and  that  the  recent  Cyprus  troubles  are  due  partly  to 
the  British  and  American  determination  to  hold  on  to  such  a 
useful  vantage  point.  Certainly,  when  the  Turks  invaded  the 
island,  there  was  debate  whether  the  Marines  should  be  sent 
in  to  hold  the  OTH  radars  against  our  NATO  allies. 


